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Preface
This manuscript has been written to document my research work as a doctoral candidate in the Functional Imaging of Transcription team at the Laboratory of Molecular
Biology at the Ecole Normale Superiore in Paris, during the period from October 2007
to October 2010.
The teams research activities are the investigating of transcriptional processes by live
cell microscopy.
The research presented in this thesis concerns the an interdisciplinary field that requires
joint efforts of scientists with backgrounds in biology, physics and mathematics. The
objective of the project is to explore the nature of dynamics of general transcription
factor P-TEFb with respect to its distribution and target search. Challenges involve theoretical, experimental, and technical aspects.
Financial support for the duration of the thesis was insured by CNRS on the basis of
funding provided by the French Ministry of Research.
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Abstract
Proteins engaged in macromolecular complexes interacting with chromatin move
throughout the nucleus by diffusive processes, transiently and repetitively contacting their target sites. Diffusion and interactions play important roles in gene expression by defining the target gene search time.
In the work presented in this thesis we monitored the mobility of the Positive Transcription Elongation factor b (P-TEFb) responsible for the phosphorylation of the
RNA polymerase II C-terminal domain and showed that its relatively high mobility is regulated by the 7SK small nuclear ribonucleoprotein complex (7SK snRNP).
Without the 7SK regulating complex, transient interactions of the P-TEFb cycline T1
component with RNA polymerase II prevent the nuclear distribution of the elongation factor therefore restricting its activity to sites of high polymerase concentration
and limiting its recruitment to new sites. This observation demonstrates that the
fast mobility of proteins required for the stochastic assembly of nuclear molecular
machines is not only a physical property of macromolecules but a biophysical parameter tightly controlled by cellular regulators.
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Part I

Introduction
A systemic definition of life is that living things are self-organizing and autopoietic (i.e.
self-producing). An oversimplification of what life really is, for both of these functions,
as well as for the sake of capacity to build more complex and robust systems, it is necessary to have a process that enables the storage of information as well as its readout.
The storing of information is effectively made by DNA which uses the combination of
4 different bases to code for different amino acids that are then able to produce proteins
to fulfill all necessary cellular functions for survival. Storing of information is useless
unless this information can be actively used to fullfill necessary functions of the living entity. This readout of the stored information is called transcription. Specifically,
transcription is the process by which DNA is read out into template RNA molecules,
which then are transported out into the cytoplasm and used to produce proteins by the
process of translation.
As the kernel of all living things, the study of the genome on molecular basis gives
rise to immense complexity when attempting to describe a final living organism by in
its terms. Therefore, [BRENNER2010] proposes the cell as the correct level of abstraction for ”the solving of forward problems of computing the behavior of the system
from its components and their interactions.” Considering the cell as the object for the
study of living things, the topic of gene expression seems central. Gene expression
determines a cell’s survival, growth, division, differentiation or apoptosis. Gene expression is highly organized and controlled process which gives the cell the capacity to
control it’s fate. Whether the protein will be transcribed and its quantity is actively controlled by the cell at several steps. Evolutionary theories suggest that expression levels
of proteins are calibrated to maximize fitness [ELENA2003, ORR2005, IBARRA2002,
HARTWELL1999, ROSEN1967, SAVAGEAU1976, HARTL1997, HEINRICH1996, MAYNARD1997, HARTL1984 AND LIEBERMEISTER2004]. [ALON2005] showed in a simple E.Coli Lac system that protein expression is indeed a result of cost-benefit optimization, (while mutations allow rapid tuning by evolution to function optimally in
new environments). Even though this is a simplified system, one can assume same
trends of cost-benefit behaviour with more complex organisms. Specifically, a robust
and precise system needs extensive transcriptional control that will precisely calibrate
the production of each single protein coded for on a temporal and quantitative basis.
This gene regulation gives cells the ability to respond to extra and intracellular stimuli
participating in cell cycle, growth, differentiation and survival; and is tightly regulated
by transcription factors.
Since the discovery of the first transcription factor, the field of gene regulation gained
a lot of popularity, being of central importance to all living organisms for function and
development. Whether the cell submits to differentiation or guards its pluripotency
depends on the transcription of the genes in question. Likewise, falsely regulated tran-

1

Figure 1:

Transcription Processes in the CellDiagram portraying transcriptional mechanisms, from local controls of transcription to modification of

the genomic environment, post-transcriptional modifications of RNA and translational control by silencing and degradation. Source unknown.

scriptional processes lead to developmental faults, autoimmune diseases, cancers, and
disfunctions of the organism.
Historically, the study of gene regulation was initiated late 1950s/early 1960s by Francois Jacob and Jacques Monod on lactose metabolism genes. Providing E.Coli with
lactose causes induction of three proteins not present in the bacterial cell under usual
conditions. This demonstrated the plasticity of gene expression as a mode of survival
for the organism and highlighted its importance for survival.
Discovery of general and specific transcription factors led to queries of mechanisms
of target search, complex biochemical cascades etc. In eukaryotes, gene regulation occurs at the level of transcription of specific mRNAs by RNA PolII in several phases:
pre-initiation, initiation, promoter clearance, elongation, RNA processing and termination [MARGARITIS2008, SAUNDERS2006, SIMS2004]. The transcription of eukaryotic genes finds its critical control mechanism at the elongation step [SAUNDERS2006,
NECHAEV2008, PRICE2008]. The elongation step itself is initiated and controlled by
phosphorylation of the C-terminal domain (CTD) at the Rpb1 subunit of RNA Pol II,
performed by the positive transcription elongation factor b (P-TEFb), which thereby
poses as the hallmark of elongation.
Biochemical essays continue to give insight into gene regulation by conducting experiments in vitro. Although yielding useful information about reaction mechanisms and
interactions between molecules running transcriptional processes, the test tube environment differs with a high degree from the environment in vivo, and the results obtained herewith are to be taken into account with reserve. With the technology today,
we are able to probe transcriptional mechanisms in vivo by direct observation in the
live cell. Live cell imaging provides us with methods to probe spatial organizations,
2

Figure 2:

Nuclear dynamics A nuclear protein modifies it’s mobility by sequestering into complexes and binding with intrinsically high turnover rates

[MISTELLI2001]

colocalizations, interactions, and most importantly dynamics of the processes underlying transcription.
Transcription factors move throughout the nucleus by the simple process of diffusion.
Diffusive properties of molecules are modified by their sequestering into complexes
or binding to substrates. These processes macroscopically seem to have a stochastic
nature, since there is no directionality in the movement, ad weak and transient interactions are ubiquitous. Considering this stochasticity and the perpetually dynamic environment of the nucleus, in the present thesis we pose the query of distribution and
target search of the general and crucial transcription factor P-TEFb.
We use the methods of fluorescent microscopy to address questions of localization,
interaction and mobility of the transcription factor in its natural environment. By manipulation with drugs, and binding defective mutants, we are able to take conclusions
about the substrates of P-TEFb, it’s motion profiles, and most importantly, develop a
theory by which it is able to control gene expression by modification of its diffusive
properties.

3

Part II

Nuclear Dynamics
The nucleus is a dynamically organized perpetually changing ensemble of molecular
interactions that are always in exchange. Proteins move in the nucleus by passive diffusion and molecular interactions have characteristically high turnover rates. Nuclear
compartments are stable, dynamic steady-state protein aggregates which are held together and organized by association and dissociation of the residents of the nucleoplasmic space. Immobile fractions are low.
In this scenario, naturally the mobility rates of single proteins plays a key role in determining the search time required for it to reach its target amid a spectrum of other
binding sites. A key problematics set to a general transcription factor in the nucleus is
maintenance of it’s ubiquitousness which enables replenishment, or activation of new
target sites - but at the same time it’s efficient docking and function at these.
Modern live cell imaging has opened a new era of cellular biology, providing us with
the possibility of addressing this question. Using fluorescent microscopy in combination with transfected fluorescent proteins, it is possible to study localization of specific
molecules inside the cell, visualize cellular structures and their movements in real time.
Most importantly, it is possible to determine the properties of transcription, the kinetics
of transcription factor movement, their binding and residence times at target sites in
the nucleoplasm.
With new advances, it has become feasible to analyze and identify component processes
that make up transcription, and even assign rate constants to the underlying processes.
disassembly this data, one can find the life times of complexes and determine the efficiency of the process they take part in.
Nuclear dynamics by fluorescent microscopy contributes with information that is not
obtainable by chromatin immunoprecipitation, microarray studies, or other bulk assays
- this one can resolve events in single cells. Different approaches of live cell imaging are
numerous, and include FRAP, FCS, FRET and single molecule tracking.
The following sections will provide an insight in the listed live cell imaging methods
and their advantages, present the model system of artificial gene arrays and give insight
into the analysis of imaging data.

1

Live Cell Imaging and Fluorescence Microscopy

The nucleus is governed by short residence times, stochastic formation of complexes,
anomalous diffusion and continuous assembly and disassembly of transcription factors. This sets high requirements to the imaging machinery. Indeed, real-time visualization and quantification of transcription and other cellular processes has become
possible only in the last decade. Some of the advances that made this possible are the
4

Figure 3:

Fluorescence Mechanisms Jablonski energy diagram portraying mechanisms of fluorescence excitation and emission

[www.olympusfluoview.com]

shift from film to digital photography, the increase in speed of computers and their
storage capacity (which enable recording at speeds comparable to biological trafficking
events, as well as speedy deconvolution algorithms and 3D reconstruction of images by
PSF fitting); tunable filters allowing readout of entire spectral bandwidths; enabling the
combinatorial use of many more dyes/fluorophores, EMCCDs with extremely sensitive
signal detection and STORM which enabled imaging with resolution below the diffraction limit [SHAV-TAL2004]. The borders of both temporal and spatial resolution are
being pushed consistently, and techniques such as photo-activation, photo-conversion
and Stroboscopic illumination, promise real-time single -molecule measurements of nuclear kinetics.
An essential point in live cell imaging is knowing how to isolate the molecule of study
in order to observe it. This has been done before by radioactive labeling of the molecules
of interest, microinjection of proteins on quantum dots, etc.. Imaging of biological processes in vivo has been revolutionized with the discovery of fluorescent tags.
Fluorescence is the property of some atoms and molecules to absorb light at a particular wavelength and to subsequently emit light of longer wavelength after a brief
interval, termed the fluorescence lifetime. The manifestation of the interaction between
light and matter forms the basis for the expansive field technique of fluorescence microscopy which is rapidly becoming an important tool in genetics and cell biology.
The breakthrough in single cell studies came with the discovery of green fluorescent
protein, a protein composed of 238 amino acids (26.9kDa), which exhibits bright green
fluorescence when exposed to blue light. GFP was initially isolated from the jellyfish
Aequorea victoria. Its use in cell research led to the awarding of the Nobel Prize in
Chemistry 2008 to Martin Chalfie, Osamu Shimomura, and Roger Y. Tsien. By knowing
the genetic sequence of GFP, one is able to construct combinatory DNA plasmids which
upon transfection use the cell’s transcriptional machinery to produce fluorescent fusion
5

proteins and thereby enable visualization of the molecule in vivo [SHANER2005].
Observations from time-lapse studies with fluorophores typically show the steady-state
distribution of a protein. In image sampling, long exposure times enable the acquisition of images which enable differentiation between stationary and moving molecules
by differences in sampling. Tracking of individual molecules is possible using stroboscopic excitation. However, this technique does not directly provide information about
kinetic properties of the system. Two characteristics of fluorophores are photobleaching
and energy transfer under certain conditions, both of which can be used as an advantage in controlled experiments to analyze the kinetics and interactions respectively of
the system under study.

1.1

Quenching and Photobleaching

Excessive or prolonged exposure of a fluorophore to irradiation leads to an effective
reduction in its amount of emission. This is exposed by either the process of quenching
or photobleaching. The first is often reversible whereas the latter is not. The average
number of excitation and emission cycles that occur for a particular fluorophore before
photobleaching is dependent upon the molecular structure and the local environment.
Some fluorophores bleach quickly after emitting only a few photons, while others that
are more robust can undergo thousands or millions of cycles before bleaching.
Photobleaching is usually a negative connotation, and efforts are made to reduce it by
limiting the exposure time or lowering excitation energies, both of which also reduce
the signal to noise ratio. However, under certain circumstances photobleaching can be
utilized to obtain information about the system as in the method of fluorescence recovery after photobleaching (FRAP) where a targeted area inside a fluorophore field is intentionally bleached using excessive levels of irradiation. After the bleach, surrounding
fluorophores diffuse back into the targeted area, which recovery can be quantitatively
measured, yielding diffusion rates of the fluorophore.

1.2

FRET: Fluorescent Resonance Energy Transfer

A fluorophore in the excited state can lose excitation energy by conversion to light (fluorescence), through thermal equilibration (vibrational relaxation) or by transfer of energy to another molecule through collision or complex formation (non-radiative dissipation and quenching). When forming a complex or colliding with a solvent molecule,
energy is transferred by the coupling of electronic orbitals between the fluorophore and
colliding molecule.
In the case of resonance energy transfer, a fluorophore in the excited state (the donor)
may transfer its excitation energy to a neighboring chromophore (the acceptor) nonradiatively through the long range dipole-dipole interactions over nanometer distances.
The theory behind resonance energy transfer assumes the donor fluorophore acts as an

6

Figure 4: Fluorescent Resonance Energy Transfer FRET diagram showing donor and acceptor spectral profiles: Overlap (grey area) between the donor
emission (central gray curve) and acceptor absorption spectra (central yellow curve) is required for the process to occur. When this overlap is present, and
the donor and acceptor are separated by less than 10 nanometers, donor excitation energy can be transferred non-radiatively to the acceptor. The net result
is quenching of the donor fluorescence emission (red curve) and an increase in the emission intensity of the acceptor (sensitized emission, red dashed curve).
[http://micro.magnet.fsu.edu]

oscillating dipole that transfers energy to a similar dipole at a particular resonance frequency in a manner analogous to the behaviour of coupled oscillators.
FRET is possible whenever the emission spectrum of the donor overlaps the absorption
spectrum of the acceptor (which itself might not be fluorescent). The transfer of energy
manifests itself by quenching the donor emission in the presence of the acceptor and
increased (sensitized) emission of acceptor fluorescence.
Efficiency of resonance energy transfer varies with the degree of spectral overlap, but
most importantly as the inverse of the sixth power of the distance separating the donor
and acceptor chromophores. Energy transfer to the acceptor requires the distance between the chromophores to be relatively close, within the limiting boundaries of 1-10
nanometers. The phenomenon can be detected by exciting a labeled specimen with illumination wavelengths corresponding to the absorption (excitation) maximum of the
donor and detecting fluorescence emission in the peak emission wavelength region of
the acceptor. Alternatively, the fluorescence lifetime of the donor can be measured in
the presence and absence of the acceptor. The dependence of energy transfer efficiency
on the separation distance between the donor and acceptor provides the basis for the
utility of resonance energy transfer in the study of cell biology. This facet of resonance
energy transfer enables the technique to be used as a spectroscopic ruler to study and
quantify interactions between cellular components, as well as conformational changes
within individual macromolecules, at the molecular level.
Branches of FRET, such as FLIM, exist, which render better quantification of interactions in live cells by measuring their differences in lifetime.
7

Figure 5:

FLIM Measurement The area under the slope gives the total photon number corresponding to the intensity. From the slope itself, the

fluorescence lifetime can be extracted. It is composed of several elements: the first is an intrinsic parameter of the fluorophore. This value can be altered by the
local environment such as ion concentration or a FRET event, resulting in a decrease of the total fluorescence lifetime. Courtesy of Corentin Spriet.

1.2.1 FLIM: Fluorescence Lifetime Imaging Microscopy
All fluorophores have their own characteristic lifetimes in the excited state. Differences
in lifetime can be used to distinguish colors of fluorophores, and identify autofluorescence. Ordinary fluorophores have lifetimes of the nanosecond order. The factors affecting the fluorescence lifetime include ion intensity, hydrophobic properties, oxygen concentration, molecular binding, and molecular interaction by energy transfer when two
proteins approach each other. Lifetime is, independent of fluorophore concentration,
photobleaching, light scattering and excitation light intensity. Therefore, fluorescence
lifetime imaging allows accurate ion concentration measurements and FRET analysis.
The general method of FLIM (fluorescence lifetime imaging) involves the measurement
of the lifetime in nanoseconds by a laser with a pulse duration of a few hundred picoseconds and a nanosecond level shutter. In some cases of delay after excitation by a
pulse laser, the fluorescence image can be obtained by the gate operation of the image
intensifier or by measuring while varying the delay time until a gate opens.
Probing interactions of a fluorophore, one uses the fact that a donor has shorter excitation/emission wavelengths that provide energy to an acceptor. The lifetime of the
excitation state of the donor is variable depending on whether or not the acceptor interaction exists. Measurement based on lifetime permits better quantification because
it is not necessary to consider the overlap of fluorescence during detection.
A theoretical FLIM measurement is shown in (Figure 5). The recorded graph of intensity vs. time for the decay of fluorescence can be used to obtain the total number of
photons emitted corresponding to the intensity under the slope. The slope of the graph
itself is used to measure the fluorescence lifetime by fitting to exponentials.

8

Figure 6:

Lifetime applied to FRET measurements In (A), one gets only single species corresponding in the easiest cases on a mono-exponential decay.

If there is a mix of interacting and noninteracting molecules, the same slope as in A plus shorter lifetime will be obtained (shown in red). This measurement can
be performed on a whole image. It is then possible to measure a mean lifetime for each pixel and obtain a map of short lifetime components. In the example
shown, corresponding to Jun/Fos interaction studies, the lifetime of the donor alone was measured to be 2.5ns. Here a lifetime of 1.5ns is obtained in the whole
nucleus, corresponding to a strong and homogeneous interaction of the two molecules. In this case, the longer the wavelength, the shorter the lifetime of the
complex, - the stronger the interaction Courtesy of Corentin Spriet.

2

FRAP : Fluorescence Recovery After Photobleaching

Although photobleaching usually is considered a disadvantage of fluorophores setting
finalizement on the length of acquisition time and illumination strength for higher signal, intentional photobleaching in a carefully planned experiment can yield information about the kinetics of the system under study. With photobleaching techniques, it is
possible today not only to investigate the localization and accumulation of fluorescently
tagged molecules and their dynamic intracellular localization (e.g. using confocal timelapse imaging) but also investigate their dynamics in living cells to obtain quantitative
information.
FRAP [POO1974, LIEBMAN1974, EDIDIN1976, AXELROD1976] is used to measure
the temporal dynamics of fluorescently tagged molecules. In this technique, a small
spot is photo-bleached by a brief exposure to an intense focused laser beam, causing the permanent loss of fluorescence of the molecules affected. The technique was
developed in the 1970s by Axelrod and colleagues [AXELROD1976] in order to measure rates of lateral transport of proteins and lipids in cell membranes [POO1974, PETERS1974, EDIDIN1976, ZAGYANSKY1976, JACOBSON1976, SCHLESSINGER1976];
and has since then made great progress with the discovery of GFP. Today, FRAP can be
conducted with a confocal as well as wide-field microscope and yield information on
three mobility parameters: the diffusion coefficient, immobile fractionS, and the residence times of the molecule spent in the immobile state.
With the assumption of elementary binding kinetics, the size of the immobile fraction
and the duration of immobilization can be determined by the on and off-rates of the
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fusion protein to and from relatively immobile complexes or DNA. In the case where
the system is diffusion unlimited, a diffusion coefficient and the immobile fraction, as
well as a residence time in the immobile state can be derived from the recovery curves.
Likewise, it is possible to describe the dynamic binding and release from immobile
complexes in terms of immobilization rate kon and release rate kof f [VAN ROYEN2008].
Then,
kon
mobile f raction
=
kof f
immobile f raction
and the residence time is given by:
τr =

1
kof f

Variations of FRAP can be employed each according to its own advantages in the experimental conditions. There are several different variants of FRAP: spot FRAP, strip
FRAP, FLIP and inverse FRAP. Each has their own advantages as shown in (Table 1).
Initial FRAP studies of nuclear proteins found unexpectedly high mobilities of many
Table 1: Types of FRAP experiments
FRAP type

Conditions/Advantages

spot FRAP

classic

strip FRAP

increased resolution at low transfection

half cell bleach

additional binding sensitivity

inverse FRAP

monitoring export from area of interest

FLIP

monitoring fluorescence dynamics in areas
other than within FRAP bleach

nuclear factors, (i.e. the glucocorticoid receptor, [MCNALLY2000]). Since, many studies revealed the kinetics of nuclear factors to be governed by diffusion. This enables the
analysis of FRAP curves with differential equations, as shown in the section below.

2.1

FRAP Analysis

The significance of FRAP data can be estimated by a qualitative analysis, summed up
in the following points:
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Figure 7:

FRAP Recoveries resulting from diffusion and binding Cartoon depicting FRAP recovery curves in different scenarios of freely diffusing

fluorophores, transient binding and long-term immobilization [PHAIR2001]

• Intensities can be expressed relative to the average of a sufficient number of measurements before bleaching:
I(prebleach) : I(norm, t) = (I(t) − I(bkg))/(I(prebleach) − I(bkg))
•
I(norm, t) = (I(t) − I(0))/(I(pre) − I(0))
; this way of normalization enables the quick visual estimation of the size of a
potentially present immobilized fraction
• - intensity values relative to fluorescence after complete recovery (I(inf )) and the
intensity directly after bleaching (I(0)):
I(norm, t) = (I(t) − I(0))/(I(inf ) − I(0))
• Combined flipfrap data can be analyzed by first calculating the fluorescence intensity difference between the flip region and the frap region:
I(f lipraf p) = I(f liproi) − I(f raproi)

However, precise determination of the physical parameters governing the system under analysis is possible through a more elaborate quantitative analysis of the FRAP recovery curves. This analysis can involve both fitting experimental data to models from
11

Figure 8:

Measurement of the laser profile Normalized initial post-bleach florophore concentration C(r, 0)/C0 with a Gaussian beam of radius w at

e−2 intensity for various values of the bleaching parameter K proportional to the bleach pulse energy [AXELROD1976]

1D diffusion [HOUSTMULLER1999, ELLENBERG1997] to 3D models incorporating
many aspects of FRAP experiment [BLONK1993, BRAGA2004, 2007, SPRAGUE2005,
2004, BRAECKMANS2003, CARRERO2003], or a Monte Carlo simulation of diffusion
of individual molecules; which takes time but is simple mathematically.
In order to apply the prior to a 2D diffusion, [AXELROD1976] applies the assumption
of a Gaussian intensity profile laser beam. Then, for a one way bleach. i.e. concentration of bleached fluorophore; having a first order reaction with rate constant αI(r):
dC(r, t)/dt = −αI(r)C(r, t)
where I(r) is the bleaching intensity. For small bleaching pulse T , at t = 0,
C(r, 0) = C0 exp[−αT I(r)]
where C0 is the initial uniform fluorophore concentration. The amount of bleaching
induced in time T is expressed by parameter K = αT I0 .
For a Gaussian intensity profile, I(r) is given by
I(r) = (2P0 /πw2 )exp(−2r2 /w2 )
where w is the half width at e− 2 height, and P0 is the total laser power. The differential equation for lateral transport of a single speices of fluorophore by diffusion with
diffusion coefficient D is :
δC(r, t)/δt = D∇2 C(r, t)
where the boundary condition is C(inf, t) = C0 , and the initial condition C(r, 0) is given
by the initial concentration of the fluorophore.
The fluorescence FK (t) observed at time t >= 0 is given by:
Z
FK (t) = (q/A) I(r)CK (r, t)d2 r
12

where CK (r, t) is the solution for the differential equation given for the K-dependent
initial condition given by C(r, 0), parameter q the product of all the quantum efficiencies of light absorption, emission and detection and A is the attenuation factor of the
beam during observation of recovery. Before the beginning of bleach,
FK = qP0 C0 /A
The initial fluorescence FK (0) after bleaching depends on beam profile but not the
mode of recovery:
FK (0) = (qP0 C0 /A)K −1 (1 − e−K )
for a Gaussian beam. Thus, the K value can be determined uniquely from its t=0 point.
A convenient way of displaying fluorescence recovery curves is in fractional form fK :
fK (t) = [FK (t) − FK (0)]/[FK (inf)FK (0)]]
The closed form solution is thus:
FK (t) = (qP0 C0 /A)vK −v Γ(v)P (2K|2v)
where v = (1 + 2t/θD )−1 , θD = w2 /4D, the ”characteristic” diffusion time; and Γ(v)
is the gamma function. The χ2 -probability distribution P(2K—2v) is tabulated. This
equation can be simplified into solutions for varying values of K.
• For large K (K >= 4 and t/τD >= 0.25): P (2K|2v) approaches one, such that this
equation reduces to:
FK (t) ∼ rox(qP0 C0 /A)vK −v Γ(v)
• A series solution for FK (t) valid for all K and t is:
n
−1
FK (t) = (qP0 C0 /A)Σinf
n=0 [(−K) /n!][1 + n(1 + 2t/τD ) ]

• For K << 1, this assumes the simple form:
FK<<1 (t) = (P0 C0 /A)[1 − K/2(1 + t/τD )]
The approach developed by [AXELROD1976] for simplified procedure for routine
analyses of FRAP recoveries involves a three-point fit of the data, and is especially
useful when the nature of transport and FK (inf) are known. Here F and f represent
an experimental recovery curve in arbitary units and in fractional form, respectively.
FK (−) is the fluorescence before bleaching.
1. Determine time τ1/2 for which fK (τ1/2 ) = 1/2
2. Assuming a Gaussian beam shape, determine FK (0)/FK (−) and use the equation
for FK (0) to calculate the bleaching parameter K
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3. Calculate the mobility rate by the:
D = (w2 /4τ1/2 )γD )
where γD = τ1/2 /τD
Naturally, this case of analysis is also applicable for FRAP recoveries in the nucleus.
However, the nucleus is dense with a lot of specific and unspecific interactions, attenuating diffusion. One can determine the strength of binding upon the comparison of the
recovery curves of GFP-nls and the fusion protein. It is optimal to use same size proteins here, since size-dependent effects can arise such as temporary trapping of random
movements of freely diffusing molecules [WACHSMUTH2000, ARRIO-DUPONT2000,
SEKSEK1997]. Whether diffusion can be ignored depends on the relative magnitude of
the diffusion time (time required for molecule to diffuse across bleach spot in absence
of binding) and association rate (the on-rate of binding multiplied by the concentration
of available bInding sites at equilibrium. (1/kon ) is the inverse of time required to begin
binding. The relative magnitudes of these two parameters reflect the potential interplay
between diffusion and binding and thus whether a FRAP recovery is diffusion coupled
or uncoupled.

2.1.1 Diffusion-uncoupled FRAP recoveries
Here, diffusion time ¡¡ time to begin binding. Consequently recovery due to diffusion
occurs first and due to binding follows later, resulting in a FRAP curve that is separable
into two phases: the initial diffusive phase, then exchange at binding sites leading to
the recovery of fluorescence due to bound molecules. The rate of recovery reflects the
strength of binding, whereby slower recoveries correspond to tighter binding.
In the simplest case, diffusion uncoupled FRAP can be modelled as the inverse of an exponential decay, namely 1−Aekof f t [SPRAGUE2004, BELGAREH2001, BULINSKI2001],
where A can be used to calculate the association rate [SPRAGUE2004].
The next simplest case is the one with two independent binding states, in which case
two exponential terms are employed, and an association and dissociation rate for both
can be determined [SPRAGUE2004]. However, one needs to be careful here since it
is possible to fit two exponentials to many diffusion coupled frap recoveries. A more
complex situation arises with multiple binding states with interdependent binding. In
this case, a set of ordinary differential equations describes the binding interactions and
can be solved numerically [PRESLEY2002, DUNDR2002] and fitted to FRAP data by
various techniques [PHAIR2004, SLEPCHENKO2003].

2.1.2 Diffusion-coupled FRAP recoveries
In diffusion-coupled FRAP recoveries, the diffusion time is either slower or comparable to the time for the molecule to associate with a binding site. Since diffusion and
14

Figure 9:

Cartoon explaining diffusion coupled and diffusion uncoupled FRAP behaviour [SPRAGUE2005]

15

binding are intermixed, the recovery cannot be separated into two phases. The time for
complete recovery in a diffusion-coupled scheme is determined by both the association
rate and the off-rate at each binding step. Based on estimates of cellular binding and
diffusion rates, it seems that diffusion coupled FRAP is likely to be more common than
currently appreciated [SPRAGUE2004].
Analysis of diffusion-coupled recoveries is made by estimation of diffusive behaviour
of the molecule and superimposing the binding interactions subsequently. The diffusive behaviour is estimated by solving differential equations for FRAP recoveries as in
the case of [AXELROD1976].
Several other factors that influence the diffusion of molecules into the bleached zone
become important in the diffusion coupled FRAP. Assumptions have to be taken into
account:
• Instantaneous bleach leading cylindrical bleach pattern
• Homogeneous distribution of binding sites that are immobile during recovery
• Bleach at a reasonable distance from cellular boundaries [SPRAGUE2005]
An important simplification can arise that enables direct fitting of the recovery
curves: when the time to associate with a binding site is much faster than the time
required to diffuse, then a diffusion coupled frap recovery exactly mimics diffusion but
at a slower rate determined by the strength of binding [SPRAGUE2004, CRANK1975,
ELSON1979, KAUFMAN1990]. In this case, the recovery can be fitted by just the diffusion equation and [AXELROD1976] theory applies.
These solutions yield an effective diffusion constant, Def f , which is smaller than the
cellular D. Thus, binding parameters could be determined by computing D/Def f − 1.
This type of diffusion is estimated to occur in one third of biological FRAP experiments
where binding interactions are present [SPRAGUE2004]. It can be distinguished from
pure diffusion because the FRAP recovery curve will be noticeable slower than that of
unconjugated GRP, but will still be fitted by a pure diffusion model. Two important
constraints to consider when applying the effective diffusion model is that it does not
permit independent estimates of the association and dissociation rates, but only their
ratio. Also, it is impossible to determine the number of binding states since the same
FRAP curve arises from one, two, three or more binding states as long as the sum of
the ratios of the individual association rates to dissociation rates is the same. I.e. FRAP
fitted to effective diffusion yields a predicted ratio of association rates to dissociation
rates that might reflect either a single binding state or the sum of several states.
A more complicated diffusion-coupled scheme arises when the diffusion time is comparable to the association time. Predicted FRAP recoveries for this type of situation
have been calculated for circular [SPRAGUE2004] bleach spots. These equations can be
used when the effective diffusion method fails.
To distinguish between the diffusion coupled and uncoupled systems, [PHAIR2004]
suggest the approach of measuring recovery in various areas of the bleached zone.
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If the time for diffusion throughout the bleached zone is much faster than the association rate, then the recovery will be independent of position in the bleached zones
and diffusion-uncoupled behaviour is indicated. An alternative approach is to use different spot sizes for bleaching and to determine whether the FRAP recovery changes
[SPRAGUE2004]. This strategy is based on the fact that diffusion, but not the reaction
kinetics depends on the spatial scale. Thus, in the diffusion-uncoupled mode, there is
almost no change in the recovery with bleach spot size because diffusion occurs instantaneously and occupies a miniscule initial portion of the curve that is often not even
recorded. By contrast, in the diffusion coupled mode, there is a detectable change in
recovery with bleach spot size, because diffusion and binding are intertwined throughout the measured recovery phase.

2.1.3 Addressing Binding: Gene Arrays
Artificial gene arrays, made up of multiple copies of the same gene that is in a tandem
repeat integrated in the chromosome, can be a useful tool in visualizing the activity of
genes and mechanisms of transcription by amplification of the biological signal. Naturally, this is an ensemble measurement that will swallow the stochastic nature of a
single gene being transcribed. Nevertheless, information about the extent of binding,
rate of transcription, rate of mRNA export etc. can be estimated using this tool.
In the case of bleaching a multiple gene array to obtain quantifications of elongation
kinetics, this constrainment is set experimentally by including all of the gene array in
the bleaching spot. F.ex. in the cases of MS2 and PolII XFP fusion proteins, have a
sufficiently high freely diffusive population [KIMURA2002], the system can be considered reaction-dominant and the recovery may be separated into two phases: the initial
fast diffusive phase, followed by the slow phase which underlies exchange at the binding sites. [DARZACQ2007] found that the binding of PolII indeed are numerous and
consecutive, but not interdependent, making it possible to fit the recoveries to sums of
exponentials.
An elegant way of labeling specific chromatin regions uses arrays of the Lac operator
(LacO) DNA sequence that are inserted into the DNA sequence of interest ,and the expression of a fluorescent-protein -Lac repressor (LacI) fusion protein, which will bind
to these DNA repeats [ROBINETT1996].
RNA molecules can be followed by inserting a series of RNA aptamers (stem-loops)
into the transcript of interest and the RNA is then tagged by the expression of fusion
protein that comprises a fluorescent protein fused to MS2 (a bacteriophage coat protein)
that forms specific and stable interactions with these secondary structures and enables
the following of the mRNA export to the nucleus [SHAV-TAL2004].
So far, three cases of amplified genes have been studied: the polytene salivary gland
chromosomes in Drosophila [YAO2006], the ribosomal DNA nucleolar clusters [GORSKI2008],
and artificially developed mammalian gene arrays [RAFALASKA-METCALF2007].
Initially, the purpose of the artificial array created by Tsukamoto et al. [TSUKAMOTO2000]
17

Figure 10:

Fluorescent labeling of DNA and RNA [SHAV-TAL2004]

Figure 11: The gene array of SJ cell line (A) cartoon of the construct; (B) images of the fluorescently tagged active transcription sites [DARZACQ2007]
was used to study chromatin remodeling upon gene activation by inserting a Tet-inducible
reporter gene containing Lac operator sites in large arrays. This system was then improved by Janicki et al. [JEANG1999] who inserted 24 repeats of the MS2 bacteriophage replicase translational operator which allowed visualization of mRNA. In the
following works, this system was used to estimate various kinetic steps of transcription [DARZACQ2007].
Majority of the fluorescence at the gene array is due to interacting molecules, increasing the resolution on binding events reflecting catalytic activity. This enables a scenario
in which one can investigate binding kinetics. [BOSISIO2006] for example, used a gene
array in combination with inverse FRAP to measure the dissociation rate of NF-κB.
[SPRAGUE2006] created models of axial and radial binding in order to include not
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only the global distribution over the nucleus but also a superimposed specific binding cluster site, boundarized both axially an radially in the cell. They showed that the
global binding model indeed gives binding parameters off by an order of magnitude;
confirming that a heterogenous distribution of binding sites kinetically behaves very
different from a homogeneous.

2.1.4 Modelling of FRAP Recoveries by Differential Equations
Considering only diffusion as in AXELROD1976 et al., one can say that since local temperature is hardly affected by bleaching and the viscosity of the nucleus is relatively
constant, D is determined mainly by the hydrodynamic radius of the particle. But in
reality, other factors affect diffusion in living cells such as specific and nonspecific interactions, hindrance by mobile and imobile obstacles [REITS2001].
behaviour A lot of things can go wrong when modelling FRAP behaviours. For example many models presume just one binding state, but some have postulated two or three
distinct binding states [DUNDR2002, PHAIR2004, DARZACQ2007, SPRAGUE2006].
Some have allowed diffusion in addition to binding, [SPRAGUE2004, CARRERO2003,
HINOW2006, BEAUDOUIN2006] and some have presumed it can be neglected [DUNDR2002,
PHAIR2004, DARZACQ2007 GORSKI2008] (appropriate if time to diffuse across bleach
spot is faster than time to bind to chromatin). These assumptions are then translated
into a mathematical/computational model [SPRAGUE2004, DUNDR2002, PHAIR2004,
DARZACQ2007, SPRAGUE2006, CARRERO2003, HINOW2006, BEAUDOUIN2006, GORSKI2008,
MUELLER2008] that describes binding and diffusion by parameters and can be fitted.
FRAP recovery time sets an upper bound on the residence time, but an accurate kinetic
model is able to estimate the actual residence time [MUELLER2010].
The general equation of diffusion and binding equation:
k

f
C
F + S ⇋kof
on

the most general case is a set of three coupled reaction -diffusion equations:
f = [F ], s = [S] and c = [C].
δf /δf = Df ∇2 f − kon f s + kof f c
δf /δs = Ds ∇2 s − kon f s + kof f c
δf /δc = Dc ∇2 c − kon f s − kof f c
Here ∇2 is the LaPlacian operator. The assumptions are:
1. The biological system has reached equilibrium before photo-bleach. The number
of free binding sites doesn’t change, eliminating the second equation. Thus, the
∗ .
pseudo-1st order rate constant can be defined: kon Seq = kon

19

2. Binding sites are part of a large relatively immobile complex: Dc = 0; such that:
∗
δf /δt = Df ∇2 f − kon
f s + kof f c
∗
δc/δt = kon
f − kof f c

(above: [SPRAGUE2005] for 2D, [BEAUDOUIN2005] for 3D)
Before the bleach, the system is at equilibrium and F and C have achieved steady-state
values, Feq and Ceq are such that the ratio of free/bound molecules is determined by:
df /dt = dc/dt = 0 −→
∗
∗
kon
Feq = kof f Ceq orFeq /Ceq = kof f /kon

Total equilibrium is not altered by photobleaching, but the equilibrium for bleached
⇋ unbleached molecules is disturbed. I.e. f and c are concentrations of fluorescent
molecules at time of photo-bleach t = 0. Measured FRAP recovery data is the sum of
free and bound fluorescence, averaged over bleach spot:
f rap(t) = avg(f (t)) + avg(c(t))
Final height of the FRAP recovery equals the sum of equilibrium concentrations Feq
and Ceq ; i.e after normalizing to 1, and assuming that the bleach spot is small relative
to the total cell volume:
∗
Feq = kof f /(kon
+ kof f )
and
∗
∗
Ceq = kon
/(kon
+ kof f )

ANALYSIS OF THE FULL REACTION-DIFFUSION EQUATION
To solve the equations of coupled reaction-diffusion, La Place transform is performed.
By analogy with the heat conduction problem between two concentric cylinders, a solution involving Bessel functions can be devised. The general solution for the FRAP
recovery within a circular bleach spot: the average of La Place transform of fluorescent
intensity within the bleach spot:
∗
f rap(p) = 1/p − Feq /p(1 − 2K1 (qw)I1 (qw)) × (1 + kon
/(p + kof f )) − Ceq /(p + kof f )
∗ , k
q depends on kon
of f and Df . w is the radius of the bleach spot. I1 and K1 are
modified Bessel functions of first and second kind. p is the Laplace variable that inverts
to yield time. I.e. inverse transform of previous equation can compute numerically to
yield the predicted FRAP recovery as a function of time, by matlab routine invlap.m
[HOLLENBECK1998]. This permits ready evaluation of how the predicted recovery
depends on each of the parameters associated with the FRAP model. This full model
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describes all possible behaviors of a FRAP recovery for a single binding reaction in the
presence of diffusion.
Three simplified cases of the full model solution have been considered for following
behaviours:
• Pure-Diffusion Dominant
The equation here reduces to :
δf /δt = Df ∇2 f
Analyzed by [AXELROD1976]. A closed form solution exists involving modified
Bessel function [SOUMPASIS1983]:
f rap(t) = f (t) = exp(−τ D/2t)[I0 (τD /2t) + It (τD /2t)]
where τD = w2 /Df . When binding is almost nonexistent and molecules are free,
the FRAP recovery curve should be fit by one parameter τD , thereby determining
∗ ≪ 1.
Df . Note that here, kof f /kon
• Effective Diffusion
In the case where the reaction process is much faster than diffusion, then at any
location within the bleach spot the binding reaction rapidly achieves a local equilibrium. Under these conditions, [CRANK1975] showed that reaction =diffusion
equations reduce to a simple diffusion equation but with a different effective diffusion constant Def f :
∗
Def f = Df /(1 + (kon
/kof f ))
Df can be determined by first measuring FRAP recoveries for GFP, then correcting
for the fusion protein and allowing for its extra mass relative to GFP alone using
D ∝ M −1/3 for simplicity. [SPRAGUE2004]. Since effective diffusion is governed
by the standard diffusion equation, Def f can be determined by fitting the FRAP
recovery curve with the diffusion model. The fit will yield a value: τD = w2 /Def f ,
2
∗
∗ /k
giving an estimate for Def f and hence the ratio kon
of f . In this case, kon w /Df ≫
1.
• Reaction Dominant
In the case where diffusion is very fast compared to both binding and the time
scale of the FRAP measurement: free molecules equilibrate instantly. A full solution has not been developed, but [BULINSKY2001] demonstrated analytically
that the rate constant for FRAP recovery is identical to the dissociation rate constant kof f .
Here, the total fluorescence recovery over time is:
f rap(t) = 1 − Ceq exp(−kof f t)
Ceq depends only on off- and on-pseudo rates so the fit to the FRAP recovery
∗ and k
in the reaction-dominant case yields kon
of f . The rate of FRAP recovery
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Figure 12:

Field graph of reaction constants of the full equation model describing recovery of fluorescence Regime bound graph of natural logs of

association and dissociation rates plotted against each other. field lines represent regimes at which approximation scan be applicable in order to simplify the
full model of FRAP [SPRAGUE2004]

depends only on the off-rate. In all cases, the pseudo-on rate disappears from
the exponential term for FRAP recovery because of the well-mixed assumption.
∗ w 2 /D ≪ 1 and C is significantly large k
∗
kon
eq
f
of f /kon ≤ 1
The speed of of redistribution of fluorophores does not reflect the length of interactions, but their affinity. In such cases, the reaction -diffusion model of can be simplified
since interactions are considered instantaneous: for homogeneously distributed binding sites, it has been shown that the model then becomes effectively diffusive, and also
for an inhomogeneous case, one can rewrite the model to [BEAUDOUIN2005]:
−
−
i(→
r , t)
δi(→
r , t)
= D ∗ F ree ∗ ist
)
average ∆( st →
δt
i (−
r)
−
with i(→
r , t) the local fluorescence intensity. For relatively homogeneous distributions
of binding sites, the equation for this is approximately a diffusive equation with an
effective diffusion coefficient equal to the product of the diffusion coefficient with the
percentage of free proteins D*Free. Thus, the speed of redistribution depends only
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Figure 13:

Estimation of dissociation rates: experimental and theoretical limits Positions of the different constructs on the diagram of fraction of free

proteins versus dissociation rates. The curve between the shaded and the unshaded regions corresponds to the limit of dissociation rates that can be estimated,
with a tolerance of 5%, determined from the comparison between reaction-diffusion and instantaneous reaction models. The shaded region corresponds to the
space where the dissociation rate cannot be estimated. [BEAUDOUIN2005]

on the diffusion coefficient and the percentage of protein available for diffusion in the
steady state, but not on the kinetics of the interactions [BEAUDOUIN2005].
The binding reaction can appear instantaneous in FRAP/PA experiments and that only
a lower kof f can be determined from such experiments. Yet, the dependence of the
ability to identify the dissociation rate on the percentage of free protein which reflects
the affinity of the interaction in the steady state is possible.

2.2

FLIP: Fluorescence Loss in Photobleaching

A variance of FRAP is FLIP, in which a specified cell area is repeatedly bleached and the
loss of fluorescence of surrounding areas are monitored. This technique enables determination of dissociation kinetics from nuclear compartments away from the bleaching
area by depletion of mobile fluorophores. Whereas FRAP is able to yield information
about the mobility of fluorophores at short distances close to the bleaching spot, FLIP
is able to amplify differences coming from the spatial aspect of movement of these
molecules. By using a small bleach spot to deplete fluorescence periodically, the surrounding fluorophores are bound to have a time at which they will pass through the
small bleach spot and get bleached.
Considering the sensitivity at the spatial aspect, FLIP gives a more exact way to analyze the mobility of a protein which is likewise involved in binding. [KIMURA2002,
FROMAGET2007] in this way efficiently revealed differences in mobility of RNA Pol II
upon treatment with different transcriptional inhibitors.
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3

Single Molecule Dynamics

The methods described previously give the method of observing ensembles of molecules
and their dynamics. However, the underlying kinetics of individual molecules can give
signatures that can provide us with precious information about the behaviour of the
system.
New developments in optics, use of high-intensity laser light sources and high-sensitivity
charge-coupled devices aided by digital image analysis makes it possible today to observe and track single fluorescent molecules. Super resolution techniques have come
a long way, such as near field scanning optical microscopy (NSOM) [BETZIG1992,
POHL1993], stimulated emission depletion (STED) [HELL2003, WILLIG2006], structured illumination [GUSTAFSSON2000, 2005], reversible saturable optical fluorescence
transitions microscopy [HOFFMAN2005], multiphoton fluorescence [ZIPFEL2003], and
saturated structured-illumination microscopy (SSIM) [GUSTAFSSON2005]. They all
have achieved lateral resolution of tens of nanometers, each with their own limitations:
NSOM difficult to operate in a noninvasive mode and low imaging depth. Multiphoton, STED and SSIM are based on nonlinear optical effects and typically require the use
of high-intensity pulsed lasers which can induce sample damage.
The major prerequisite for optical detection of single fluorophores is the reduction of
background signals. Background fluorescence mainly arises from autofluorescence,
out of focus fluorescence and impurity fluorescence [NIE and ZARE1997, XIE and
TRAUTMAN1998]. Reducing background fluorescence has been achieved by reducing
the depth of probed volume by TIRF, near-field illumination, multiphoton or confocal
imaging.

3.1

Localization of Single Molecules

The resolution of a visible light microscope is commonly about 1/2λ, i.e. ∼ 250nm
[JAMES1976], Objects of smaller sizes appear as diffraction limited spots, so-called Airy
disks. Although the size of these objects is limited by the resolution of the microscope,
their center of localization can be determined precisely, given a sufficient number of
photons (N) in the spot [BOBROFF1986]. For shot noise, precision of localization scales
as N −1/2 , whereas for background noise the precision will scale as N −1 .
Generally, when imaging single particles in two dimensions, the PSF can be approximated by a 2D Gaussian of the form:
f (x, y) = Aexp[−

(x − xc )2 + (y − yc )2
]
2
2σxy

Achievable localization accuracy depends on the respective SNR, defined as:
I0
SN R = q
2 + σ2
σbg
I0
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2 the variance
where I0 designates the maximum signal intensity above background, σbg
2
of the background intensity values, and σI0 the true variance of the maximum signal
intensity above the background; determined as in [KUBITSCHECK2000]. Then, single
molecules can be tracked and their diffusion coefficient found by the relation to the
mean square distance in 2D:

< ∆x2 + ∆y 2 >= 4Dt
In 2002, [THOMPSON2002] developed a Gaussian mask fitting algorithm based on
least-squares analysis, intermediate in complexity between the simple centroid based
algorithm an a full nonlinear squares fit. Considering a 1D pixel array where i and j are
indices, Sij is the signal value of the pixel, and Nij the expected value from a Gaussian
distribution with a width s and centered at x0 , y0 defined in dimensions of pixels. Then
the sum χ2 sum for a Gaussian fit is minimized, resulting in the equations:
0=

d
Σ(Sij − Nij )2 = ΣSij (i − x0 )Nij − Σ(i − x0 )Nij2
dx0

where

(i − x0 )2 (j − y0 )2
−
)
2s2
2s2
The sum in the equation is approximately zero by symetry, resulting in the implicit
equation:
ΣiSij Nij
x0 =
Sij Nij
Nij = exp(−

for the position of the paticle. Thus x0 is the average of the pixel coordinates weighted
by the number of photons in each pixel but with mask Ni that is smooth instead of
binary and equal to the point spread function of the imaging apparatus. After the
location of the particle was found, the estimated total number of photons i the spot
N was calculated according to:
ΣSij Nij
N=
ΣNij Nij
and the spot discarded as an artifact in the case where N < 25pixels.
The uncertainties in this method are given by the common statistics for the standard
error of the mean,pixelisation noise (by size of pixel), photon counting noise and background. Localization of spots with fewer numbers of photons is dominated by background noise, and higher by photon counting noise. The optimal image magnification
depends on the expected number of photons and background noise, but for most cases
of interest, the pixel size should be about equal to the standard deviation of the point
spread function [THOMPSON2002].
The localization accuracy of a specific estimation method is defined as the standard
deviation of the estimated locations of the single molecule assuming repeated experiments [BOBROFF1968, SCHUTZ1998, THOMPSON2002]. [ABRAHAM2009] showed
that the maximum likelihood estimator, although computationally more demanding,
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Figure 14:

Choosing the optimal pixel size Localization uncertainty increases for small pixel sizes a due to increased background noise and for large

pixel size due to pixelization noise, predicting an optimal pixel size.[THOMPSON2002]

are more accurate than the nonlinear least squares estimators. This was done by fitting
Gaussians to Airy profiles. At high noise levels, they were found to be the same. To
further investigate estimation methods, [OBER2004] calculated the Fisher information
matrix for the underlying stochastic data generation process. 1 By this, they showed
that the limit of localization of accuracy of a single molecule is given by:
δv = λem /2πna (γAt)1/2
where λem , na , γ A and t denote the emission wavelength of the single molecule, the
numerical aperture of the objective, the efficiency of the optical system, the emission
rate of the single molecule and the acquisition time respectively [OBER2004].
Indeed, the position of a single emitter can be determined to almost arbitrarily high accuracy with the sufficient number of photons. Based on this, fluorescence imaging with
one-nanometer accuracy (FIONA) has been demonstrated [YILDIZ2003]. but the localization accuracy of FIONA does not directly translate into imaging resolution as multiple emitters in close proximity will still be difficult to resolve. This issue was adressed
in part by taking advantage of photobleaching of single dyes or photo-blinking of quan1

The Fisher information matrix I(θ)plays a central role in the analysis of estimation algorithms. Its

inverse provides, through the classical Cramer-Rao lower bound, a lower bound for the variance var(θ)
of any unbiased estimator θ (estimation procedure whose mean produces the correct result), specifically:
var(θ) >= I −1 (θ)
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tum dots to distinguish their individual signals. These approaches had been used to resolve 2-5 fluorophores within a diffraction limited spot, but extending these techniques
to more than a few fluorophores remains a challenge.

3.2

STORM and PALM

The essence of any fluorescent super-resolution technique is to spatially isolate signals of densely packed single molecules by either spectral [CHURCHMAN2005, OIJEN1999] or temporal means, the latter exploiting the photobleaching [QU2004, GORDON2004] or blinking of emitters [LIDKE2005]; in order to be able to localize each of
the molecules by determining its center of fluorescence, implement a statistical fit of the
ideal PSF to its measured photon distribution. In these techniques however, the number
of emitters isolated per region (2-5) has been too small to give resolution comparable to
existing super-resolution techniques. These distinguishing optical characteristics were
utilized by stochastic activation and photobleaching of photoactivable fluorescent proteins (PALM) [BETZIG2006] and cyclic activation of different colors of fluorescent dyes
(STORM) [RUST2006], solving the number of emitters isolated by reconstruction and
serial activation.
PALM (photo-activated localization microscopy) succeeded in the isolation of single
molecules at high densities (up to 105 /µm2 ) based on serial photo-activation and subsequent bleaching of numerous sparse subsets of photoactivable fluorescent protein
molecules [PATTERSON2002, ANDO2004, WIEDENMANN2004, ANDO2004 II, TSUTSUI2005, LUKYANOV2005 in BETZIG2006]. To minimize both autofluorescence and
detector noise, [BETZIG2006] imaged his sample by total internal reflection fluorescence (TIRF) microscopy onto an EMCCD camera that can detect single photons. When
necessary excitation and thus bleaching was maintained until such sparse fields were
obtained. Additional image frames were then captured until single-molecule bleaching resulted in a mean molecular separation considerably larger than that required for
isolation (figure principle behind palm). This method is capable of resolving the most
precisely localized molecules at separations of a few nanometers. A trade-off exists wrt.
PALM: including fewer but brighter molecules results in higher localization and crisper
images, but at a reduced molecular density giving less complete information about the
spatial distribution of the target protein.
Stochastic optical reconstruction microscopy (STORM) is an imaging technique in
which a fluorescence image is constructed from high-accuracy localization of individual fluorescent molecules that are switched on and off using light of different colors.
STORM consists of a series of imaging cycles. In each cycle, only a fraction of the fluorophores in the field of view are switched on such that each of the active fluorophores
is optically resolvable from the rest and their images are not overlapping. Imaging resolution of 20nm was demonstrated using a simple TIRF microscope, low-power continuous wave lasers and a photo-switchable cyanine dye [RUST2006]. The resolution of
STORM is limited by the accuracy with which individual switches can be localized dur27

Figure 15:

The principle behind PALM Cycles of activation, bleach and reconstruction: the fluorophores are activated, localized within nanometer

range, then bleached. The cycles are repeated to reconstruct a superresolution image [BETZIG2006]

ing a switching cycle. Bates et al. [BATES2007] introduced a family of photo-switchable
fluorescent probes and demonstrated multicolor STORM by photo-switchable reporter
fluorophores that can cycle between fluorescent and dark states, whose combinatorial
pairing of reporters and activators allows the creation of probes with many distinct
colors. Color specific iterative activation allowed their localization with nanometer accuracy.

3.3

Single Molecule Tracking

Having in hand the imaging methods of stationary single molecules, one can proceed
to the analysis of their dynamics.
First imaging of the kinetics of fluorophores was demonstrated by [KUBITSCHECK2000]
of single molecules of GFP in gels and viscous solutions at depths of up to ∼ 10µm from
the interface. The 2D localization accuracy was determined to be ∼ 30nm, and up to
nine images were possible at the frame rate of ∼ 80Hz. Analysis of mean square distances extracted from single molecule tracking data (SMT) in aqueous solution of GFP
by fluorescence video microscopy yielded same diffusion constants as obtained from
FCS [GRUNWALD2006], confirming the system parameters.
The following year, the same group [KUES2001] published a paper on the visualization and tracking of single protein molecules in the cell nucleus of permeabilized 3T3
cells by labeling a recombinant E.C. β-galactosidase protein P4K with an average of
ALEXA488 chromophores per tetramer. A large tracer protein molecule was selected
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to carry several fluorophores homogenous in size, hydrophil and inert in nucleus. After import via the NPC, single protein trajectories could be observed in the cell nuclei
with a time resolution of 10ms and with a lateral localization accuracy of ∼ 35nm. A
naturally occuring U1 snRNP in the nucleus was likewise tracked. In contrast with the
previous case, freely diffusing U1 snRNP was observed rarely. Speckles were found
to represent and be surrounded by binding sites for U1 snRNPs. At these the splicing
factors were found attach for an average time of 60ms, and rearrange rapidly between
binding sites with an effective diffusion constant of 3µm2 /s [KUES2001 II].
Hence, the tracking of single GFP molecules was possible due to their low concentration
in solution, while the reduction in the fluorescence signal inside the nucleus because of
the refractive index mismatch [HELL1993 in KUES2001] was compensated for by high
signal of multimeres of ALEXA488.
In theory, good fluorophores can yield on average as many as 105 photons before photobleaching, a single fluorophore could theoretically be tracked to a precision of 65nm
over 100frames, or 20nm over 10 frames in the absence of background noise. use of
high numerical aperture objectives is essential both to decrease the spot size and to
maximize the number of collected photons. However, tracking single molecules in cell
nuclei gives rise to several limitations to be taken into account before pulling deterministic conclusions about the system.
Using a wide-field epi-fluorescence microscope, only a slice of the vertical axis in the
nucleus is imaged, having it’s center in the focal plane and extending ∼ 1µm in the
direction of the optical axis. By imaging only a slice of a finite depth, there is a risk
of the fastest population escaping imaging by moving out of the focal plane too fast.
[KUES2001] conducted a Monte-Carlo simulation in the entire nucleus by fixing the
diffusion constant at a value and subsequently recording only the trajectories in the
observation slice. The fit to MSD yielded the correct diffusion constant in their case
of 2.5µm2 /s and confirms validity of experimental approach. One has to however be
careful in the case of two or more populations of differently diffusing fluorophores: the
slower one will inevitably dominate in quantity without this being necessarily realistically the case.
Another method [ANDERSON1992, WILSON1996, SMITH1999 in KUES2001] was based
on analyzing probability distribution of absolute molecular displacement as a function
of tlag . The probability distribution indicates whether fractions of molecules with different modes of motion are present. this approach allows conclusions from relatively
short trajectories, because the data from all observed trajectories are gathered. p(r, t)dr
is defined as the probability that a particle starting at the origin will be found at time t
within a shell of radius r and a width dr. For random diffusion in two dimensions:
p(r, t)dr =

1
exp(−r2 /4Dt)2πrdr
4πDt

The frequency distribution p(r, t)dr is constructed by counting the number of displacements within the interval [r, r + dr] for each value of tlag from all observed trajectories.
This was made for the observation slice. The frequency distributions of jump distances
were recorded on the bases of five trajectories with 104 single steps at lag times of 18, 54,
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90 and 126ms corresponding to those the experimental stacks. The diffusion constants
fit, but they get less exact with larger lag times.
The jump distance probability distribution of immobile molecules is described by the
time-independent probability distribution:
pim (r)dr =

Nim
−t2
exp(
)rdr
2
2
σacc
2σacc

For intracellular transport the diffusion coefficients depended on the lag time, in contrast to free diffusion. This indicates that diffusion in the nucleus is restricted. Such
restriction can be brought about by physical and chemical parameters (barriers, assoc/dissoc reactions). At such conditions the dependence of the diffusion coefficient
on the lag time can be described by:
D=

Γ α−1
t
4

where Γ designates the transport coefficient and α the factor quantifying the time dependence of the diffusion coefficient.
Naturally, there are detection limits for diffusion coefficients that are measurable. The
upper limit of diffusion constants is defined by the mean square distance that the
molecules move during the image integration time δt. This value must be smaller
than the area of the Airy disk of the utilized objective lens. then the movement of
the molecule during the image integration time would not notably blur the image reducing SNR and localization precision. The upper limit for the measurable diffusion
coefficient, Dmax can be estimated by:
Dmax <=

λ2
N A2 δt

where NA denotes the numerical aperture, λ the wavelength of the fluorescence emission. the minimum image acquisition time δt is determined by the fluorescence signal
of the probe and the given noise sources. In praxis, this results in a limit of D of about
10µm2 /s (diffusion of protein with 3nm radius). In case this limit for D is exceeded,
fluorescence spots are obtained that are integrals over the convolutions of the PSFs.
A lower detection limit for the diffusion coefficient is given by the condition, that the
particles must move beyond the localization precision during the total observation time
δtobs :
σ2
Dmin <=
4δtobs
Theoretically, observation time can be prolonged as required: only stability of experimental setup and photobleaching of fluorophores pose an upper limit.
Recently, stroboscopic laser excitation was used with stochastic photo-activation and
super-resolution fluorescence imaging [ENGLISH2010] in order to record diffusion trajectories of small protein molecules in bacterial cells with milisecond time resolution
and sub-diffraction limited spatial precision. Current imaging technology allows for
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observation of slow processes and it potentially biases the observed distribution toward slower sub-populations; while fast milisecond dynamics may be completely overlooked. This limitation is circumvented by combining this imaging technique with stroboscopic illumination [YU2006, ELF2007 in ENGLISH2010]. The duration of the excitation pulse is a critical parameter for obtaining distinct fluorescence spots from rapidly
moving single molecules. The optimal value is a trade-off between collecting the large
numbers of photons needed to determine the position of the molecule accurately and
the broadening of the spot due to diffusion of the molecule during the excitation pulse
(under their experimental conditions, 0.4 - 1ms) [ENGLISH2010]. The fitting precision
of stroboscopic illumination is proportional to the square root of the number of detected photons [THOMPSON2002]. Any movement could easily be frozen within a
diffraction-limited spot using pulses shorter than 200microsec. but precise localization
is not possible given the poor photo-physical properties of mEOS2 and hence higher
pulse durations were utilized. also frames are recorded at the highest read out speed of
our EMCCD camera (4ms for 28pixel lines).
In a system without spatial confinement, the MSD of a diffusing particle is proportional
to time to the power of α, i.e. < ∆x2 >∝ tα where α is unity for normal diffusion. Experimental analysis of MSD must be complemented by simulations of diffusion in the
given geometry of each cell [DEICH2004, NIU and YU2008 in ENGLISH2010]. Nonuniformity in the spatial distribution of diffusion coefficients is fully described by confinement effects since identical patterns emerge when simulated [ENGLISH2010]. Another
standard approach is to calculate the cumulative distribution functions (CDFs) of displacements, getting diffusion coefficients by fitting them to an exponential function
corresponding to 2D Brownian motion [SCHUTZ1997, VRLJIC2002].
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4

Kinetic Analysis

Simple diffusion has been shown as the process driving transport of transcription factors around the nucleus. Short residence times at substrates and dynamic complex lifetimes, as well as the dynamic self-organization of the nucleus have been established.
Putting physical parameters to this system enables determination of the nature of the
diffusions that occur, strengths of binding and complex lifetimes which can yield useful
information about the kinetics of the system.
Kinetical models are characterized by physical parameters such as diffusion, binding
and release constants, residence times. By fitting to experimental data, quantitative
information about the system can be obtained. For cell processes, often differential
equations are adopted as templates for a model since they have previously shown to
effectively describe several cellular processes such as biochemical kinetics, membrane
transport and binding events.
The types of mathematical models implemented are curve fitting, statistics, phenomenological laws, enzyme kinetics and logic models [PHAIR2001].
Transcription factors generally exhibit sub-diffusive properties caused by unspecific interactions and obstacles encountered within the nucleus [PHAIR2000]. Furthermore, a
transcription factor can exhibit more than one apparent diffusion constant due to complex formation.

4.0.1 Kinetic imaging techniques
Imaging techniques widely used today: FRAP, FLIP, FCS, and FRET provide insights
into the dynamics of transcription factors. The methods have been explained in the
previous sections. The kinetic information from each of these is presented in Table(1).
FLIP
Whereas FRAP modelling has been established using both diffusion [AXELROD1976]
and binding mechanisms combined for homogeneous and heterogenous distributions
of binding sites [SPRAGUE2004,2006]; the modelling of FLIP is more complex and does
not have a universal protocol. [PHAIR2000, supl.mat.] performed a quantitative analysis of FLIP on SF2 /ASF and fibrillarin. This was done by constrainment of nucleoplasmic diffusion coefficients by values obtained in FRAP analysis in order to extract
information about the system’s binding coefficients, residence times and steady-state
distributions. The latter were calculated from the matrix of rate constants assuming
an average protein degradation rate constant corresponding to a half life of 12h, and
were used to initialize the protein content of each compartment at the start of the FLIP
protocol. These distributions combined with estimates of molecular abundances permitted estimation of the number of molecules in each compartment as well as intercompartmental fluxes.
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Table 2: Imaging techniques and measured parameters
FRAP

(effective) diffusion

FLIP

diffusion, mean residence times, steady
state distributions in compartments,
inter-compartmental fluxes

FCS

fluorophore concentration, size, diffusion

FRET/FLIM

environmental conditions of fluorophore,
fluorophore interactions

Single molecule dynamics

diffusion, residence times

However, this FLIP analysis is assuming compartments of a measurable size and constant distribution of factors in other parts of the nucleoplasm. Additionally, a diffusion
unlimited system is assumed, where binding constants are measureable. In cases where
the system exhibits effective diffusion, such analysis is not appropriate.
FRET and FLIM
In FLIM data, FRET shows up as a dramatical decrease of the donor lifetime [LAKOWICZ1999, ELANGOVAN2002, BECKER2001,2002,2003]. The fluorescence decay functions contain the fluorescence of quenched and of unquenched donor intensity and are
therefore double-exponential (Figure(16)). Fitting of double exponentials delivers the
lifetimes τ0 and τF RET and the intensity factors, a and b of the two decay components
[BECKER2001,2002,2003]. The ratio of quenched vs. unquenched molecules is given by
b/a while the average coupling efficiency of FRET pairs is given by τ0 /τF RET . In principle, both of these can be derived from a single donor lifetime measurement [BERG].

4.0.2 Compact vs. non-Compact modes of movement
How long does it take a random walker to reach its target site? This quantity has been
defined as the first-passage-time (FPT), a key quantity for the kinetics of transportlimited reactions [YUSTE1995, RICE1985]. FTP has been extensively investigated in
confined domains in homogeneous environments [REDNER2001]. However, when addressing this problematics in nucleus, there is a requirement to take into account its
heterogenous nature. [CONDAMIN2007] developed a general theory that is able to accurately evaluate mean FPT in complex media. They consider a finite space made up
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Figure 16:

Fluorescent Resonance Energy Transfer: the donor intensity decay Scheme portraying the double exponential fluorescence decay func-

tions of quenched and unquenched donor intensity. The ratio b/a gives their proportions, whilst the average coupling efficiency of FRET pairs is given by
τ0 /τF RET [source unknown]

of a lattice of nodes, which can be arbitrarily regular, diordered or hierarchical, or can
also assume some configuration such as that of a scale-free network. The scale-free case
consists of nodes with many different degrees of connctedness, and the likelihood of
that a node has a certain number of links declines as a power law with that number:
many networks of nodes will have a small number of connections, but few have a large
number [SHLESINGER2007].
Three cases for the mean FPT between an arbitrary source and a designated target at a
distance r have been found. To a good approximation, this time always grows linearly
with the number of nodes N, but also depends either on r raised to a certain power or
in a special case, the logarithm of r. Montroll et al. [MONTROLL1969] approximated
no linear dependence of FTP on N, but since he did not take into account the role of the
source-target separation, results of [CONDAMIN2007] seem more fundamental. Herewith, the mean FPT is parametrized in terms of two characteristic ’dimensions’. These
dimensions are derived from scaling relationships between the variables that are inherent in the problem:
• fractal dimension df which characterizes the density of nodes in the lattice (in a
2D lattice, the number of enclosed nodes will scale as some power of the circle’s
radius. in a constant density of nodes, in 2D df = 2; whereas for fractal shapes in
the plane such as a Sierpinski gasket or percolation cluster which have a hierarchy
of self-similar node groupings that only sparsely filll the plane, df < 2).
• walk dimension dw which characterizes the ease with which the walker can move
though the lattice. Mathematically, it enters the expression for the mean-square
displacement from the source as a function of number of moves, n, which is written to scale as n2/dw (in a regular 2D lattice, dw = 2, meaning that MSD grows
linearly with number of moves made, the diffusive case. But on a lattice with
many bottle-necks and dead ends, the walk can be severely impeded, producing
a dw of greater than 2, and a process slower than diffusion).
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There is three cases for the mean first passage time between an arbitrary source and a
designated target at distance r; given by the difference between the fractal dimension
and the walk dimension df − dw :
1. In cases where df > dw , if the walker is significantly impeded or latice is sparse,
a compact, local exploration arises. There is a strong positive dependence of the
mean FPT on the initial source target separation, of the form < T >∼ N (A −
Brdw −df ).
2. In the opposite case, where df < dw , this characterizes a non-compact exploration
in which a random walker leaves a region with many sites unvisited. The Levy
flight is an example of non-compact exploration. This random walk performs
jumps of many sizes, making its starting point irrelevant. The formula for FPT
also shows a dependence of the form < T >∼ N (A + Brdw −df ) but because the
exponent is negative by definition, this dependence disappears at large values of
r, leaving the mean FPT dependent on the number of nodes alone.
3. Finally in the third case < T >∼ N (A − Blnr), there is a weak, logarithmic dependence of the mean FPT on the separation.
Here A is related to the small scale properties of the walk, B can be written solely in
terms of Π which is the infinite space scaling function. These expressions thus unveil a
universal scaling dependence on the MFJPT o the geometrical parameters N and r, i.e.
both the volume of the confining domain and the source - target distance. The results
were successfully tested on the PIN yeast length-scale invariant network simulation
[CONDAMIN2007].
Most functions of a living cell are regulated by coordinated chemical reactions that
involve low concentrations of reactants that are limited by transport. This is why understanding the origin of anomalous transport in cells and its impact on reaction kinetics is an important issue. Calculations were conducted on transport observables
(first-passage observables) by [CONDAMIN2008] with efforts to discriminate between
the continuous time random walks (CTRW) [REDNER2001, HOLCMAN2007] and the
other relying on spatial inhomogeneities as exemplified by diffusion in deterministic or
random fractals such as critical percolation clusters [NOH2004, BARTON1989, CONDAMIN2005].
FPT observables make it possible to distinguish between the two. The FPT has a finite mean and exponential tale for the fractal model, and a infinite mean and power
law tail in a CTRW model. Analyzing the tail of the distribution of the FPT therefore
provides a first tool to distinguish them. Since experimental data is limited in time,
truncated means need to be implemented to define MFPT for CTRW. In this case, the
scaling of the MFPT for CTRW with the source-target distance is the same for a simple random walk, and can be distinguished from the scaling of the MFPT on random
fractals: the se two scalings are strikingly different for d = 3: the CTRW performs aera
non-compact exploration of space (dw = 2 < 3 = d) leading to a finite limit of the MFPT
at large source-target distance, whereas exploration is compact for a random walker
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Figure 17:

Two scenarios of sub-diffusion for a tracer particle in crowded environments (CTRW and fractal environment) (A) Random walk in a a

dynamic crowded environment. The tracer particle evolves in a cage whose typical lifetime diverges with density. This situation can be modeled by a CTRW
with power-law distributed wiating times. (B) Random walk with static obstacles. This situation can be modeled by a a random walk on a percolation cluster.
[CONDAMIN2008]

on the percolation cluster (dw > df ) leading to a scaling ∝ rdw −df of the MFPT [CONDAMIN2008].
1917 Marian Smoluchowski [SMOLUCHOWSKI1917] calculated the relationship between rates of chemical reactions and the diffusion coefficient of the participating molecules,
thus setting the diffusion limit of reaction rates. However, experimental observations
showed much faster reaction rates than calculated, indicative of intrinsic mechanisms
to speed up diffusions. One of these is known to be the reduction in dimension (f.ex. the
3D diffusion followed by 1D scanning [RICHTER1974, BERG1981, COPPEY2004, HALFORD2004, HU2006, SLUTSKY2004, WANG2006, ELF2007.]), another is active transport mechanisms that speed up target each for particles larger than 10nm [LOVERDO2008].
Considering crowded environments of complex architectures of cell structures such as
the nucleus, it is not surprising that a modification of an idealized system with homogeneous and random distributions of molecules with at least linearly increasing exploration volume over time will also pose a difference in terms of the efficiency of target
search. Mathematically, it is known that the exploration volume V (t) increases asymptotically as t1/2 in one dimension, whereas in three dimensions it increases linearly.
This distinguishes between diffusion in ’compact’ exploration spaces with zero escape probability and a sub-linear V(t), and in non-compact exploration spaces with
finite escape probability and a linear V(t). Most fractal topologies are compact, and
the resulting non-classical reaction kinetics have been termed fractal-like reaction kinetics. Considering a distribution, it turns out that fractal-like reaction kinetics are also
accompanied by non-random reactant distributions in space, even with initial random
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Figure 18:

Geometrical kinetics and the first passage time dependence on initial position Survival probabilities plotted for different source-target

distances r. (A) depicts the non-compact case exemplified by 3D diffusion and (B) the diffusion on a Sierpinski gasket. They typical reaction time depends
weakly on the initial position of the reactant in the non-compact case, while the compact case the reaction time runs over several orders of magnitude.
[BENICHOU2010]

distribution [KOPELMAN2010]. [BENICHOU2010] posed the question of how the FPT
distribution depends on the volume of the confining domain and the initial position of
the diffusing molecule; and whether these factors potentially could be used to control
the kinetics.
The general derivation uses a random walker in a fractal medium with a fractal dimension and the dynamics characterized by the dimension of the walk. The results differ
significantly depending on the relative size of these dimensions:
• in non-compact exploreation, when the fractal dimension is larger and V (t) ∝ t
it is the mean of the FPT that characterizes the kinetics, as in the simple case of
regular 3D diffusion. The initial position has little effect on kinetics.
• in compact exploration, (sub-linear rise with time of exploreation volume), the
full distribution of the FPT is required and not just the mean, and the kinetics
depend strongly on the original distance beteen the initial starting position and
the target.
These show that geometrically controlled kinetics describes such situations and it is
typical of certain important reactions inside biological cells. Further more, [BENICHOU2010] show that 100nm colocalization in the nucleus may speed up the transcription kinetics by three orders of magnitude, illustrating the importance of correct
treatment of such chemical reactions, and opening the possibility that geometry of cellular environments was evolutionary fitted to optimize i.e. facilitate and control the
chemical reactions within them.
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Part III

P-TEFb
P-TEFb is a general transcription factor that facilitates the production of full-length
mRNAs of protein-coding genes (with the exception of certain short intronless genes
[MEDLIN2005]). In transcription, RNA Polymerase II C-terminal domain (CTD) is
hypophosphorylated when initially recruited to genes. Followingly, it undergoes sequential phosphorylation at Ser5 by CDK7 and enters a pause at the promoter proximity. The release from this paused state and thereby switch to productive elongation
requires phoshorylation by P-TEFb at Ser2 residues of CTD [PRICE2000], NELF and
DSIF [SAUNDERS2006]. This is accompanied by mRNA capping and loss of NELF
[BRES2008].
Apart from enabling the onset of transcription elongation, P-TEFb influences multiple
factors of gene expression, such as co-transcriptional control of mRNA processing (integration of mRNA synthesis with histone modification), pre-MRNA processing and
export of mature mRNA to promote translation in the cytoplasm.
Also, P-TEFb stimulates the Pol II mediated synthesis of human immunodeficiency
virus (HIV) transcripts from the 5’long terminal repeat of the integrated proviral genome
and it’s importance of regulation has been indicated in many cancers and other pathological states.
By the importance of its actions, it is expectable/obvious that P-TEFb should be a
molecule physiologically highly controlling its activity and effectively responsive with
a broad spectrum of interaction profiles. Indeed, the activity of P-TEFb is tightly controlled by sequestering into complexes, chemical modification of the molecule, etc. Following subsections will give a broad overview of P-TEFb characteristics, its function
and the importance of it’s regulation in the cell.

5

The P-TEFb Complex

The P-TEFb molecule consists of a CDK9(cyclin-dependent-kinase) subunit along with
its associated cycline, CycT1 (T, because of its involvement in transcription [PENG1998]).
CycT1 and two splicing isoforms of CycT2a and T2b constitute the family of C-type cyclins. 80% of CDK9 is sequestered endogenously with CycT1 [CHO2009], 20% of it
co-exists with other cyclins (T2a, T2b, K)[PENG1998(genes)]. In its active form, P-TEFb
is made up of a cycline and cyclin-dependent-kinase (CDK9) subunit. The kinase CDK9
is activated by forming non-covalent complexes with cyclins.
All cyclins bear two prototypical cyclin boxes at the N-terminus, histidine rich region, providing binding to CTD of RNA Pol II and proline-serine rich C-terminus [KOHOUTEK2009]. CycT1, in contrast to T2a/b, contains TAR recognition motif (TRM)
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next to cyclin boxes, which is important for formation of ternary complex between
Tat/Tar/P-TEFb and initiation of HIV transcription [WEI1998, WIMMER1999].
CycT1 is a predominant nuclear protein, while CDK9 can shuttle between nucleus
and cytoplasm. Enforced expression of CycT1 mediates the nuclear accumulation of
CDK9. This ability of CycT1 to mediate the nuclear accumulation of CDK9 requires
the cycline homology box [NAPOLITANO2002]. By control of nuclear accumulation of
CDK9, CycT1 is recognized as the limiting factor of abundancy of P-TEFb in the nucleus. Indeed, the expression of CycT1/2 has to be tightly regulated at the transcription
level, at the level of RNA stability, translation and ubiquitination [LIOU2006, MARSHALL2005].
Likewise, in the cell, there are two forms of CDK9: 42-kDa form and 55-kDa form, resulting from a 117 residue amino-terminal extension that is not present in the previous.
[SHORE2003]. CycT2 and CycK molecules are present at much lower concentrations
than CycT1 in many cell types [PENG1999, FU1999]. Therefore, the most abundant
classic form of P-TEFb consists of the 42kDa CDK9 and CycT1.

5.1

Sequestering in the large complex

P-TEFb activity is regulated by its sequestering into a larger complex: P-TEFb exists
in two forms, alone and sequestered in the 7SKsnRNP complex, in which its kinase
activity is inhibited. These two, often annotated the small and the large complex respectively, are in a dynamic equilibrium with each other: upon addition and removal
of DRB in presence of cycloheximide, which blocks protein synthesis, the large complex
recovered, indicating that the two are in dynamic exchange.[NGUYEN2001]
Proportions in the abundance of the two complexes varies with cell types and states.
For example in HeLa cells, approximately half of P-TEFb exists sequestered in the large
complex, while the other half is an active complex containing the bromodomain protein
Brd4 [JANG2005,YANG2005]
Studies suggest that shifts in this equilibrium may underlie alternative pathways toward unrestricted growth or terminal division/differentiation [HE2006, SANO2002,
TURANO2006].
Analysis of the large inactive P-TEFb complex indicates that it contains one 7SK
molecule, a dimer of Hexim1 or Hexim2, and two P-TEFb molecules containing Cdk9
phosphorylated at threonine 186. This oligomerization of P-TEFb incorporation into a
homo-or hetero-dimer of Hexim is mediated through the basic region within the central part with bound 7SK snRNA and its coiled-coil region in the C-terminal domain
[BLAZEK2005, LI2005].
However, the exploration of P-TEFb associating partners in the large complex is not
complete: two additional proteins participating in the formation of the LC were recently identified : MEPCE (7SK snRNA methyl-phosphate capping enzyme) [JERONIMO2007] and Larp7 which stabilizes 7SK snRNA by binding to its 3’- UUUU-OH
tail and thus protecting it from degradation by exonucleases [HE2008]. Both are stably associated with 7SK snRNA after release of P-TEFb in contrast to Hexim1 which
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Figure 19:

Structural and functional characterization of human CDK9, cyclin T1 and cyclinT2 complexes Fractionation of an HeLa cell extract by

ultracentrifugation on a glycerol gradient. Distribution of CDK9, cyclin T1 and cyclin T2 in the gradient fractions and pellet (P) was monitored by western
blot using specifc antibodies. The same blots were probed for Rpb1, p62 (a TFIIH-specifc subunit), CDK7 and cyclin H (subunits of both TFIIH and CAK
complexes). (SC, small complexes; LC, large complexes.) [NGUYEN2001]

is displaced after the disruption [BARBORIC2009, HE2008, KRUEGER2008, DIRIBARNE2009, MARKERT2008].
It was shown that stable and simultaneous knockdowns of 7SK and Larp7 molecules
failed to decrease cell viability [HE2008], which suggests that these are not required for
cell survival. Rather, they contribute to the suppression of growth and transformation.
This opens the topic of the tightly regulated equilibrium between the small and the
large P-TEFb complex.
Disruption of the large complex and thereby the functional P-TEFb equilibrium between the two complexes plays an extremely important role in globally regulating transcription and could therefore be detrimental to many key cellular functions. The ratio
of these two P-TEFb populations is likely to be different among different cell lines or
tissues and moreover, the P-TEFb distribution in a given cell type may also change according to its growth and differentiation status.
The breakdown of the P-TEFb/HEXIM/7SK complex is triggered by all treatments that
inhibit transcription. Arrest in mitosis is one exception perhaps because transcription is
then arrested at both initiation and elongation steps whereas drugs and UV act mainly
at the elongation step [BARRANDON2007].
A very good example of the tight control of the P-TEFb functional equilibrium is found
by analyzing the effects of haexamethylene bisacetamide (HMBA), a hybrid bipolar
compound, two issues of both P-TEFb activity and growth of human HeLa and erythroleukemia cells (MELC) were addressed. Whereas HMBA retarded HeLa cell growth
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only weakly and transiently, it is by far the best-characterized suppressor of growth and
inducer of terminal differentiation of MELC. An efficient, albeit temporary disruption
of the 7SK snRNP and activation of P-TEFb dependent transcription were observed
during the initial phase of the treatment. The peak 7SK snRNP disruption occurred
app. 2h after the treatment commenced. Interestingly, a prolonged incubation with the
drug actually led to a gradual recovery of the 7SK snRNP [HE2006]. HMBA induces
HEXIM1 expression in a P-TEFb dependent manner. 6-12h after the HMBA treatment
started, the HEXIM1 expression began to increase significantly and its nuclear concentration remained four to five times higher than the pre - treatment level for at least 72h
[HE2006], pushing the equilibrium back. All this data strongly supports the notion that
the functional P-TEFb equilibrium is tightly and dynamically regulated to reflect and
accommodate the intracellular transcriptional demand as well as the proliferative or
differentiated states of cells.
The tight regulation of the functional equilibrium points to P-TEFb as a common target for the global control of cell growth and differentiation by its associated regulators
[ZHOUandYIK2006].
The following subsections give a summup of the most important components of the
large complex and their roles in the functional equilibrium..
7SK
Human 7SK RNA is an abundant 331nt nuclear transcript generated by RNA polymerase III. Upon P-TEFb activation, 7SK RNA is released and associates a subset of
heterogeneous nuclear ribonucleoproteins (hnRNP). 7SK RNA hs been evolutionary
conserved in vertebrates and homologues are found in annelid, mollusc and insect
genomes. 7SK RNA folds into several hairpins that serve as specific platforms for
binding proteins. It is stabilized by monomethylation of its 5’-triphosphate group and
binding of a specific La-Related protein, LARP7 at its 3’ end. 7SK RNA is localized in
the nucleoplasm and efficiently knocked down by RNA interference [ROBB2005]. The
gamma phosphate of the 5’ triphosphate group on 7SK first nucleotide is monomethylated. Such 5’-mono-methyl cap protects U6 and 7SK RNA against degradation but is
incompatible with translation of mRNAs.
HnRNPs associate 7SK released from disrupted complexes following an arrest in transcription [VAN HERREWEGHE2007, HOGG2007, BARRANDON2007] HnRNPS are
generally thought to chaperone nascent transcripts. Thus, hnRNPs no longer bind neotranscripts in transcription-arrested cells, the concentration of hnRNP devoid of RNA
increases markedly and reaches an order of magnitude excess over that of 7SK RNA.
Hence, it is proposed that hnRNPs released from nascent transcripts trap 7SK RNA
thereby preventing it to reassemble with HEXIM1 and P-TEFb [MICHELS2008].
This model is supported by following observations:
(a) removal of hairpin 3, the hnRNP-binding motif in 7SK RNA, prevents LC disruption
in response to an arrest in transcription [VAN HERREWEGHE2007]
(b) siRNA knock-down of hnRNP K increases the proportion of P-TEFb associated with
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7SK RNA [HOGG2007]
(c) knock-down of A-type hnRNP attenuates LC disruption in response to inhibition of
transcription.
This regulation forms a positive feedback capable of fine tuning transcription activity.
Hexim1
Hexim1 has been demonstrated to specifically bind to 7SK snRNA via a stretch of 18
basic amino acids reminiscent of the arginine rich RNA recognition motif present in
many RNA binding proteins [MICHELS2004, YIK2003]. Reversible phosphorylation of
CDK9, most probably at the conserved Thr-186 in the Tloop is required for in vitro association of P-TEFb and 7SK RNA. [CHEN2004]
The elements crucial for P-TEFb binding are contained in the two terminal hairpins of
human 7SK. The distal part of 5’ terminal hairpin of 7SK directs HEXIM1 binding. The
HEXIM1 and P-TEFb binding element of 7SK show strong evolutionary conservation
in vertebrates.[EGLOFF2005]
Only about 20% of total nuclear HEXIM1 is actually in association with P-TEFb in logphase HeLa cells [MICHELS2003 YIK2005] When the total cellular level of HEXIM1
is being gradually reduced by RNAi the population of free Hexim is the first to dissapear, 7SK/P-TEFb being minimally affected. This indicates strict control of equilibrium LC-SC. To avoid preturbation of the P-TEFb equilibrium, homologue HEXIM2 is
also increasingly recruited to the LC when Hexim1 siRNA is conducted [BYERS2005,
YIK2005].
Larp7
Larp7 binds and stabilizes nearly all nuclear 7SK via 3’-UUU-OH, leading to the sequestration and inactivation of P-TEFb. (A recent study [JERONIMO2007] demonstrates
that the 5’end of this RNA is also protected in 7SK snRNP by a specific methylphosphate capping enzyme called BCDIN3.) This function requires its La domain and intact C terminus. The latter is frequently deleted i human tumors due to micro-satellite
instability-associated mutations. Larp is homologous to human La protein, a 3’-UUUOH sequence-specific RNA-binding protein that associates with nascent PolIII transcripts and protects them from degradation by 3’-exonucleases. Larp7 knockdown
shifts the P-TEFb equilibrium toward the active Brd-4 bound state and causes P-TEFb
dependent malignant transformation and activation of key tumor-related genes. Together, these observations link the Larp7-dependent modulation of P-TEFb activity to
the global control of cell growth and tumorigenesis [HE2008]. The unique C-terminal
region of Larp7 is frequently deleted in human cancers and absent in hLa. In support,
Larp7 mutants lacking the C-terminal region were unable to bind 7SK and enter 7SK
snRNP, which would lead to a loss in tumor suppressor activity. On the other hand,
mutant Larp7 may also acquire a gain-of -function in promoting tumorigenesis in a
manner reminiscent of that of activated oncogenes [HE2008].
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Figure 20:

7SK-dependent regulation of the CTD kinase activity of P-TEFb (A) Structural organization of the kinase-inactive 7SK/HEXIM1/P-TEFb

complex. The schematic structure of human 7SK snRNA, together with associated proteins, is shown. (B) Structural comparison of the HIV TAR RNA and the
P-TEFb binding motif of the three hairpins of human 7SK snRNA. The conserved nucleotides are circled. Nucleotides essential for Tat binding are shaded. The
inverted Tat binding-like motif of 7SK snRNA is boxed. [EGLOFF2005]

5.2 P-TEFb - PolII interaction
Both CycT1 and CDK9 co-immunoperticipate RNA Pol II. Proteins containing the 551
N-terminal residues or only sequences from positions 231 to 611 and 350 to 611 bound
RNA Pol II [TAUBE2001].
Thus the histidine-rich stretch, which is conserved between CycT1 and CycT2, is required for binding the C-terminal domain of RNA Pol II. Also, the binding of CycT1
to CTD requires more than five heptapeptide repeats in the CTD and the histiine rich
stretch of CycT1 [TAUBE2001].
Kinetic analysis indicates that P-TEFb preferentially phosphorylates CTD that is already partially phosphorylated, but that otherwise extensive phosphorylation does not
occur in a processive manner. Experiments were conducted with Pol II with and without CTD, which led to conclusions that CTD is the physiological target of P-TEFb. DRBsensitive transcripts arose only when CTD was intact. [MARSHALL1996].
The interaction between C-terminal regions of RNA Pol II, CycT1 and distal sites enables P-TEFb to act as a transcriptional coactivator. Thereby P-TEFb can link activators
at enhancers and PIC at promoters, which results in productive elongation [TAUBE2001].
It has been shown that CycT1 is tethered upstream or downstream of promoters and
coding sequences. P-TEFb plays a general role in mediating effects of enhancers. PTEFb activates transcription form proximal and distal sites upstream and downstream
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Figure 21:

Diagram showing molecular structure of CycT1 and CDK9 [www.biochemsoctrans.org]

of the promoter and coding sequence of a reporter gene, PPR (promoter proximal regions), CP (core elements) and CTD of RNA Pol II were required for these effects of
P-TEFb.
In most cases, labelled CycT1, CDK9 and RNA Pol II are not superimposed but the
Cdk9 or CycT1 proteins exist in overlapping regions with Pol II. This indicates that although there is a limited degree of co-association of CDK9 or CycT1 with RNA Pol II,
the majority of CDK9 and CycT1 is not present at sites containing RNA Pol II [HERRMANN2001]. This observation is consistent with the theory of factor accumulation at
active transcription sites. Furthermore, in cells treated with DRB, CycT1 co-colocalized
with enlarged speckles whereas CDK9 was present at speckles it did not appear to
become enriched in these regions. This suggests that the CycT1 component of TAK/PTEFb is responsible for the association of the kinase complex with nuclear speckles. A
different labeling type was observed for mutants which contained up to the first 433
amino acid residues of CycT1. These mutants gave a diffuse pattern of labeling without significant accumulation of high signal foci. These results claim that a recognition
region between 433-533 is necessary for speckle compartmentalization.

6

The biochemistry of P-TEFb role in transcription elongation

RNA Pol II transcribes all mRNA-encoding genes as well as some genes that encode
structural or regulatory RNAs. [SAUNDERS2006] RNA Pol II characteristic is it’s Cterminal domain (CTD) which consists of 52 tandem hepta-peptide repeats of canonical
sequence YSPTSP. To initiate transcription, activity of the TFIIF (CDK7:CycH) factor is
required to begin promoter clearance and synthesis of short nascent RNA. These short
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transcripts are normally subject to rapid degradation [BENTLEY1995, REINES1999].
After synthesizing 50 ribonucleotides, RNA Pol II is recognized by negative elongation
factor (NELF) and DRB-sensitivity inducing factor (DSIF) causing promoter-proximal
pausing. To overcome the inhibitory effect of NELF/DSIF and initiate productive elongation, P-TEFb is recruited to the paused/poised RNA Pol II. After phosphorylation of
NELF and Spt5 (DSIF subunit), NELF leaves RNA Pol II, DSIF stays and becomes a positive elongation factor.[FUJINAGA2004, KIM2001, PING2001]. P-TEFb phosphorylates
Ser2 of CTD, increasing its affinity towards components of splicing and polyadenylation machineries [SIMS2004, FABREGA2003, MARSHALL1992]. Thus, P-TEFb allows
the transition into productive elongation, producing long transcripts from which mRNAs are derived. At the end of the transcription cycle, the phosphorylated Pol II is
recycled by the action of CTD phosphatases (eg.FCP1) into the hypophosphorylated
IIa form, allowing it to participate in a fresh round of transcription [CHO1999, MANDAL2002].
The elongation stage of eukaryotic transcription is highly regulated, critical not only
for generating the full length mRNA transcripts but also for the coupling of transcription with other major gene expression events, such as pre-mRNA capping, splicing and
polyadenylation [SIMS2004].
The following section shortly explain the steps of RNA Pol II transition from initiation
to elongation.

6.1

Promoter-proximal Pausing of the RNA Pol II: the essence of gene regulation for most protein-transcribing genes

Historically, transcription initiation was considered the rate limiting step of the expression of many genes [HOCHHEIMER2003]. however, also early studies showed
genes that surpass this concept (C-myc, junB and HSP70) [AIDA2006, BENTLEY1986,
ROUGVIE1988] This number of genes nowadays rose to a significant number [MUSE2007,
ZEITLINGER2007]. Among these genes are genes involved in development, cellular
response to stimuli, cell communication, cell adhesion and differentiation which all
demonstrated promoter-proximal RNA Pol II stalling.
This indicated shat P-TEFb might be a primary sensor to various developmental demands - theoretically, P-TEFb could work as a platform capable of accommodating diverse stimuli and respond to them by switching on and off appropriate sets of genes,
along with cooperative function of developmental activators and repressors [KOHOUTEK2009].
All together, it seems that elongation block could represent a highly specific controlled
step in transcription regulation.
In order for Pol II to enter productive elongation, it must undergo structural and functional maturation. Promoter escape (promoter clearance) describes earliest steps in this
maturation process, during which the polymerase breaks its contacts with promotersequence elements and at least some promoter bound factors and silmutaneously tightens its grip on the nascent RNA.
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Promoter Escape- elongation stage 1
Promoter escape has been shown to be rate-limiting for transcription elongation in
vitro, at least for some promoters. The process of promoter escape begins with the onset of transcription initiation at which point the transcription complex is known as the
initially transcribing complex (ITC). Promoter escape is considered complete when the
nascent RNA associates stably with the transcription complex. The transcription complex is then called an early elongation complex (EEC) that, although stable continues
to show characteristics that are distinct from a fully functional elongation complex. In
eukaryotes, abortive initiation by PolII is markely reduced on the addition of the fourth
nucleotide, but promoter escape is not yet complete. This transition to a metastable
transcription complex is often referred to as escape commitment, and occurs quickly
compared with subsequent events during promoter escape [KUGEL2000]. EECs are
more prone to backtracking and arrest than mature elongation complexes.
Promoter-proximal pausing: elongation stage 2
Promoter proximal pausing or transcriptional stalling is a phenomenon whereby Pol II
pauses in the 5’ region of the transcription unit and only progresses efficiently into productive elongation on stimulation by appropriate signals. It constitutes an important
step in the regulation of PolII transcription elongation in vivo and functions as a checkpoint before committing to productive elongation. The polymerase can escape rapidly
from the pause into the productive elongation phase, and this highly dynamic level of
regulation enables the rapid alteration of transcriptional output.[LIS1998] Escape form
the pause continues to be a rate limiting and regulatory step after gene induction [GIARDINA1992].
Candidates for pausing control: DRB inhibits transcription elongation but not transcription initiation. DRB sensitivity inducing factor DSIF and negative elongation factor NELF were both required for the inhibition of transcription by DRB in vitro. DSIF
and NELF cooperate to repress transcription elongation, and their negative effects can
be overcome by the action of a protein that is inhibited by DRB [PRICE2000].
Productive elongation: stage 3
Promoter escape and promoter proximal pausing are the main rate limiting stages of
transcription elongation. P-TEFb is required for the production of long transcripts in
vitro and for HIV-1 transcription, which is regulated at the level of transcription elongation[BARBORIC2005, PRICE2000]. The observation that tethering CDK9 or CycT1 to
promoters activates gene expression also indicates that the recruitment of P-TEFb can
be a rate-limiting step for escape to productive elongation in eukaryotes in vivo. P-TEFb
localizes to active genes [LIS2000] and its depletion causes defects in gene expression
[NI2004, SHIM2002] Furthermore, the inhibition of P-TEFb can globally decrease the
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Figure 22:

Transcription factors mediating phosphorylation and the escape of promoter-proximal pausing to productive elongation (A) Proteins

known to regulate phosphorylation status of CTD (B) Promoter-proximal pausing and escape to productive elongation: (a) TFIIH-mediated phosphorylation
of Ser5 of the carboxy-terminal domain (CTD) of RNA polymerase II (Pol II) occurs on pre-initiation complex formation or before promoter-proximal pausing.
(b) P-TEFb-mediated phosphorylation of DSIF, NELF and Ser2 of the Pol II CTD stimulates productive elongation [SAUNDERS2006]

density of PolII on genes [CHAO2001]. A plausible reason for elongation control is
to couple transcription with RNA processing [PRICE2000]. Evidence is mounting that
phosphorylation of the CTD allows the recruitment of processing factors, including
those involved in capping, polyadenylation, and possibly splicing (reviewed in [BENTLEY1995, MINIVIELLE-SEBASTIA1999]). The large subunit of DSIF stimulates mRNA
capping [WEN1999] and phosphorylation of specific residues in the CTD have a differential effect on recruitment and activation of the capping enzyme [HO1999].

6.2

Role of P-TEFb in RNA Processing

P-TEFb has been proposed to mediate the coupling of transcriptional elongation with
pre-mRNA splicing. F.ex. CycT1 is known to interact with Tat-SF1 [FONG2000], which
is a nuclear protein implicated in stimulating general and HIV-1 transcriptional elongation [CHO1999, KIM1999, LI1998, PARADA1999, ZHOU1998,1996] but also Tat-SF1 is
a homologue of the yeast splicing factor CUS2[107] can also interact with the spliceosomal U snRNPs to form a multisubunit complex, which strongly stimulates Pol II elongation when directed to an intron-free DNA template [FONG2001]. Notably, inclusion
of splicing signals in the nascent transcript further stimulates transcription, supporting
47

the notion that the recruitment of U snRNP near the elongating polymerase is important
for transcription. Tat-SF1-U snRNP complex stimulates both transcription and splicing,
recruitment of this dual function factor to Pol II by P-TEFb is believed to mediate an efficient coupling of transcriptional elongation with splicing.
For the relatively short, intronless genes, such as the human U2 snRNA gene, P-TEFb
is not an essential elongation factor [MEDLIN2005]. Rather, it functions exclusively as
an RNA-processing factor for recognition of the 3’ box RNA 3’ end processing signal.
The role of P-TEFb as an activator of transcriptional elongation can be separated from
its role in RNA 3’ end processing.

7

Physiological modulations of P-TEFb activity

Multiple mechanisms have shown to regulate CDK9 kinase activity:
1. CDK9 kinase activity is dependent on association with the CycT subunit [PENG1998,I,
II]
2. Phosphorylation on the T-loop by CDK9 itself or another kinase activates the kinase activity [NAPOLITANO2003]
3. LC sequestering [MICHELS2004, NGUYEN2001, YANG2002, YIK2003]
4. positive regulation by Brd4 [YANG2005, JANG2005]
5. acetylation and de-acetylation, acetylation promotes, while de-acytalation by NCoR/HDAC3 inhibits the elongation function [FU2007]
This equilibrium (amount of large complex) is tightly regulated in the cell naturally/physiologically and serves as one of the key regulating mechanisms of transcription at the phase of elongation.
Recruitment of the SC does not guarantee elongative production per se. Current pattern of post-translational modifications (phosphorylation, acetylation, ubiquitination)
of subunits of P-TEFb ultimately decides whether productive elongation will occur.
Besides the inhibition by the large complex, P-TEFb activation or inhibition depends
primarily on post-translational modifications of CDK9 and its associated cyclin. These
are of great interest with respect to their functions in the regulation of P-TEFb activity
in diverse cellular responses (stress, cytokines, cell communication), disease and development.
Certain stress or pathological conditions induce liberation of SC:
1. - PI3K/Akt signaling pathway disrupts LC by phosphorylating Hexim1 on two
serine and two threonines in the CycT1 binding domain, after HMBA treatement.[CONTRERAS2007]
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2. - UV and HMBA disrupt P-TEFb by cooperative action of Ca2+ calmodulin-protein
phosphatase 2B(PP2B) and protein phosphatase 1 (PP1alpha ) [CHEN2008]
3. - Ubiquitination of Hexim is not involved in Hexim1 proteasome/mediated protein degradation but rather interferes with inhibition of P-TEFb [LAU2009] Also,
Ubiquitination of CycT1 and CDK9 by Skp2 controls its protein turnover and interaction with Tat/TAR respectively. [BARBORIC2005, KIERNAN2001]
4. - Acetylation of CycT1 triggers dissociation from LC and activation [CHO2009]
Acetylation of CDK9 on Lys44 located in ATP binding domain by p300/CBP increases its kinase activity to CTD[FU2007]
Phosphorylation, acetylation and ubiquitination participate in regulation of P-TEFb
activity.

7.1

Phosphorylation

Phosphorylation of Cyclin and CDK9 is a key feature of P-TEFb regulation in vivo.
Several serine and threonine residues at its C-terminus must be phoshoprylated for
P-TEFb activity first [FONG2000, GARBER2000], but full activation is completed only
after conserved Thr186 in the T-loop is phosphorylated, triggering major conformational changes in the heterodimer (CycT1:CDK9) leading to exposition of ATP binding pocket together with substrate site [LI2005, CHEN2004, BAUMLI2008] Phosphorylation of Thr186 is also a prerequisite for the assembly of the large complex [LI2005,
CHEN2004]. Presumably the large complex bears principally active P-TEFb for acetyltransferase release of stored P-TEFb to support transcription of genes involved in given
cellular responses.

7.2

Acetylation

Histone acetylation clearly plays a critical role in transcriptional regulation, growing
evidence however indicates that acetylation of non-histone proteins also plays a role in
histone regulation.
The cell presumably has many physiological ways of obtaining the ideal ratios between the two complexes, but one of them is shown to be by the regulation of acetyltransferase activity. It has been shown indeed that P-TEFb is a substrate of the p300
acetyltransferase, which acetylates CycT1 at four lysines in a predicted coiled-coil domain at the C-terminal domain close to histidines. The balance between inactive and
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active P-TEFb is shifted to the inactive form in the absence of CycT1 acetylation. Reversible acetylation of cycT1 is a critical intracellular mechanism by which the association of P-TEFb with its physiological inhibitor hexim1 and 7SKRNA is regulated.
Acetylation of cyclin T1 serves as a physiological switch that liberates P-TEFb from its
endogenous inhibitors Hexim1 and 7SK snRNA [CHO2009].
N-Cor and its related SMRT protein were identified initially as corepressors for nuclear
receptors such as thyroid hormone receptors (TR) and retinoic acid receptors (RAR)
[CHEN1995, HORLEIN1995]. These proteins are implicated in in repression by many
different transcription factors (see [GLASS2000] for review]. Repression mediated by
SMRT and N-CoR is sensitive to trichostatin A (TSA), a histone deacetylase (HDAC)
inhibitor. SMRT and N-CoR have been reported to associate with a number of HDACs
[HEINZEL1997, HUANG2000, KAO2000, NAGY1997]. Among N-CoR associated proteins, HEXIM1 was identified. A subfraction of N-CoR is associated with HEXIM1/PTEFb [FU2007]. They also found that CDK9 within the P-TEFb complex is acetylated
in vivo. K44 seems to be the site. Kinase activity of K44R mutant was significantly
crippled compared to that of WT CDK9. I.e. kinase activity of P-TEFb is regulated by
acetylation of the CDK9 subunit. This also affects transcriptional elongation activity
[FU2007]. Targeting components of the N-CoR complex to the HIV LTR reporter suppresses transcriptional elongation.

7.3

P-TEFb specificity

Only a specific subset of P-TEFb-dependent genes are transcribed in response to a given
intra or extracellular stimuli. There is two important mechanisms which help P-TEFb
to decide which genes should be turned on or off:
• A layer of control is provided by functional interaction with specific cofactors
(chromatin remodeling complexes, mediators) bound at transcription sites. Once
P-TEFb is recruited to the promoter, it is exposed to interactions with other multiprotein complexes and to their catalytic activities resulting in post-translational
modifications triggering activation or inhibition of P-TEFb activity.
• The other one is the result of cooperative effect of signaling pathways regulating
P-TEFb activity. Signaling pathways serve, most likely, two primary functions in
P-TEFb biology: first to trigger release from the LC, second to target and modify
components of P-TEFb complexes.
P-TEFb presumably achieves its broad binding capacity towards myriad transcription factors by the variety of complexes it has. There is 8 different complexes of active
P-TEFb and 16 for inactive complexes.
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Figure 23:

Active and inactive P-TEFb complexes (A) Active PTEFb complexes. CDK942 (green oval) and CDK955 (orange oval) can separately bind

to individual CycT1 (yellow circle), CycT2a (violet oval), CycT2b (lavender oval) and CycK (pink oval). (B) Inactive P-TEFb complexes with CycT1. Only large
complexes with CycT1 are presented for illustration, but the same would apply for CycT2a, CycT2b and CycK too. Complexes of 42- and CDK955 with CycT1
are presented at the left side. ’Large’ complexes consisting of CDK9/CycT1 are at the right side. Hexim1/7SK snRNA (light blue oval), Hexim2/ 7SK snRNA
(turquoise blue oval), MEPCE/LARP7 (light orange oval) [KOHOUTEK2009]

7.4 P-TEFb regulation in cell cycle
Each phase or intercalating transition of the cell cycle is controlled by spatio-temporal
expression of CDKs and appropriate cyclins, but the case of CDK9 and C-type cyclins,
levels and association of CDK9 kinase activity remains unchanged, and no dramatical
fluctuations. [GRANA1994]
At this point, it is believed that Brd4 can provide information on the function of P-TEFb
in cell cycle control, since it is implicated in transition of epigenetic memory through
binding to acetylated histones [JANG2005, YANG2005, MOCHIZUKI2008]. Indeed, a
dramatic increase in P-TEFb-Brd4 interaction was observed from late mitosis to early
G1 phases of the cell cycle and active recruitment of P-TEFb to the chromosomes, followed by initiation of transcription of key genes for G1 progression. [YANG2008].
Also, silencing of CDK9 in cells by RNA interference led to enrichment of cells in G1
phase of cell cycle supporting function of P-TEFb in the G1/S transition. Since CDK9
has a strong kinase activity towards pRB, but not histone1, this finding suggests its involvement in the G1/S transition [LUCA1997, BETTENCOURT-DIAS2004].
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Figure 24:

Regulation of P-TEFb activity during transcription (A) P-TEFb is inactivated in the large complex. After given stimuli (UV radiation,

cytokines, hypertrophic signals), active P-TEFb is released from the large complex by activity of signaling pathways downstream of these stimuli. Then, PTEFb is recruited to the responsive promoter/s either by a specific activator (pink oval) such as MyoD or a co-activator, such as Brd4 (violet oval). P-TEFb is
engaged at the promoters with poised RNAPII phosphorylated on Ser5 (light blue oval with letter S5) in CTD mediated by TFIIH. P-TEFb initiates transcription
elongation by phosphorylating Ser2 of CTD in RNAPII (red oval with letter S2), DSIF or NELF (red ovals with letter P). Still, activity of P-TEFb can be controlled
by two additional mechanisms. (B) If there is a co-factor (acetyltransferase, mediator, corepressor) associating with P-TEFb at the promoter, then the activity
of P-TEFb will depend on particular post-translational modifications mediated by these co-factors, for example acetylation of Lys44 and 48 in CDK9 (white
oval with letters Ac). C) Also, signaling pathways activated by given stimuli can modify components of the small complex, for example phosphorylation of
CDK9 on Thr28 and Thr186 (white oval with letter P), and additionally modulate final activity of P-TEFb. Khaki barrels represent nucleosomes, and +1 depicts
transcription start site.) [KOHOUTEK2009]
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8

Inhibition of P-TEFb activity: Concentration speculations

Inhibitors of P-TEFb such as DRB and flavopiridol inhibit transcription by RNA polymerase II and cause apoptosis in a variety of cell lines and tumors [KELLAND2000,
PRICE2000, CHANG1997, DE FALCO1998]. A fundamental question for the use of
CDK9 inhibitors as drugs is to what extent CDK9 inhibition, especially for chronic indications, will be compatible with normal cellular functions in a way that does not elicit
toxicity.
Many studies have shown that CTD independent general transcription factor mediated initiation and RNA synthesis in vitro is possible. P-TEFb is the main processivity
effector, but in fact it has not yet been shown rigorously if/to what extent CDK9 is
redundant for transcription in general [WANG2008].

8.1

Flavopiridol

Flavopiridol has been shown to inhibit a number of CDKs [SENDEROWITZ2000]. Under appropriate conditions it can be used to selectively inhibit P-TEFb. Flavopiridol
inhibition of P-TEFb is not competitive with ATP.[CHAO2000], since kinetic analysis best fit an uncompetitive model - flavopiridol binds to the ATP site of Cdk9 very
tightly and consequently inactivates the enzyme [CHAO2000]. Flavopiridol docks in
the ATP-binding site. Treatement results in blockage of cell cycle progression, promotes
differentiation and induces apoptosis in various types of cancerous cells [SENDEROWICZ2000]. Nuclear run-on assays were performed to determine extend of inhibition of
RNA PolII in vivo at flavopiridol concentrations that ranged from those likely to be
effective against HIV to those used in chemotherapy. For each flavopiridol titration the
IC50 value calculated was roughly half of the concentration of P-TEFb. As a control,
using DRB as the kinase inhibitor, the tight correlation between the drug and the enzyme concentration was not observed. High salt concentrations break DRB- P-TEFb
interaction, but not flavopiridol, indicating that this interaction is based on hydrophobic contacts.
The anti-profilerative effect of flavopiridol is mediated through P-TEFb inhibition. The
best evidence for this comes from a screen for compounds that block HIV Tat transactivation, which uncovered a number of P-TEFb inhibitors [MANCEBO1997].

9

Brd4 recruits P-TEFb to cellular genes

Several gene specific regulators have been shown to interact with P-TEFb [GARRIGA2004],
but activators do not ubiquitously recruit P-TEFb.[LIS2000]. In human cells, the bromodomaincontaining protein BRD4 is presumed to be responsible for recruitment of P-TEFb to
most genes through its interacting with acetylated histones [JANG2005] - this is why
HDAC is not a good analog to DRB].
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Brd4, a ubiquitously expressed nuclear protein of 200kDa, belongs to the conserved
BET protein family [DEY2000] whose members contain two tandem bromodomains
and a single extra terminal domain [JEANMOUGIN1997] The bromodomain has been
recognized as a functional module to help decipher the histone code through interacting with acetylated histone tails [ZENG2002] Brd4 has been shown to bind actively
transcribed chromatin regions through a direct interaction with acetylated histone H3
and H4 [DEY2003]. Brd4 also remains bound to chromatin during mitosis, suggesting
a possible role for this protein in transmitting epigenetic memory across cell division
[DEY2003,2000].
The Brd4 molecule interacts with P-TEFb through its double bromodomain, and
this interaction enhances P-TEFb dependent phosphorylation of the Pol II CTD and
transcriptional activation [SERIZAWA1993, KLEBL2006].
Functional analyses have demonstrated that the Brd4 bound P-TEFb represents the
transcriptionally active form of P-TEFb that is capable of phosphorylating the CTD and
stimulating elongation in vivo and in vitro [JANG2005, YANG2005]. Domain analysis
indicates that the two bromodomains of Brd4, which are known to bind to acetylated
histones, are also required for the Brd4-P-TEFb interaction in vivo. On the P-TEFb side,
CycT1 but not CDK9 is able to interact with Brd4 in vitro as a glutathione S-transferase
fusion protein [JANG2005].
It is not clear whether Brd4 is released from P-TEFb or whether it tracks along with
P-TEFb and the elongating PolII once it has recruited P-TEFb to the template. So far, it
seems it is the free P-TEFb that is probably involved in the actual elongation process.
Recruitment role of Brd4 can be functionally fulfilled by Tat which directly recruits
P-TEFb to the HIV-1 LTR through formation of the Tat-TAR-P-TEFb ternary complex
[JANG2005, YANG2005].
Brd4 has been implicated in playing a growth-stimulatory role. Mice lacking both alleles of Brd4 gene are lethal to embryos, Brd4 heterozygotic mice display pre and postnatal growth defects associated with a reduced proliferation rate [HOUZELSTEIN2002].
In primary cell cultures, heterozygous cells also display reduced proliferation rates.
Brd4 is also required for the proper progression of the cell cycle.

10 Clinical Implications of P-TEFb as a target molecule
Unlike other CDKs, CDK9 does not regulate cell cycle, but promotes RNA synthesis in
genetic programs for cell growth, differentiation and viral pathogenesis. As a result of
this, deregulation of P-TEFb activity naturally manifests itself in pathological phenotypes.
Portraying the crucial importance of P-TEFb in development, both C. elegans and Drosophila
organisms prove lethality at the embryological stage by inactivation or knockdown
of P-TEFb [SHIM2002, EISSENBERG2007]. Ectopic activation of P-TEFb exhibits dramatic consequences for normal development also. Cardiac hypertrophy (in mouse)
[HUANG2004] and aberrant splicing (in zebra fish) (suggesting a fundamental role for
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P-TEFb in coupling transcription elongation with alternative splicing) [BARBORIC2009],
were both caused by depletion of P-TEFb large complex.
In an experiment, [KOHOUTEK2009 I] RNAi approach was used to downregulate
CycT1 or CycT2 and check for changes in the expression of of genes influenced by
the depletion by microarrays. Following results were found:
1. CycT2 reduction affected genes participating in the TGFbeta and Wnt signaling
pathways, and autophagy. inner cell mass and trophoectoderm during embryogenesis expression. ubiquitin-proteasomal system, Likewise, it showed to be
indispensable for rapid degradation of maternal protein during transition from
oocytes to embryos.
2. CycT1 knock down decreased expression of genes involved in fatty acid and glucose metabolism, cell communication and cell cycle.
Glucose metabolism was affected in both cases, but targeted genes were different.

10.1 Oncology
Resistance to apoptosis is a general hall mark of cancer [HANAHAN2000]. As a rule,
oncogenic transformation involves multiple successive genetic modifications that together promote cell survival, and the final transformed tumor genotype, therefore, frequently includes up-regulated anti-apoptoctic and pro-survival components that must
be sustained by continuous RNA Pol II activity [KOUMENIS1997]. This opens a therapeutic window for the use of transcriptional inhibitors in cancer. Untransformed cells
have a significant tolerance towards transient inhibition of RNA Pol II activity, whereas
a transformed cell would be much more susceptible to this inhibition and would undergo caspase-induced apoptotic death [WANG2008].
A study [STONE2003] focused on identification of novel tumor antigens associated
with serous ovarian cancer identified 9 immunogenic antigens, among them Hexim1,
to be potential targets for immunotherapy (by SEREX immunoscreening). After, in
studies of mixed-lineage leukemia (MLL) fusion proteins in leukemic transformation,
another group found that the gene for the histone methyltransferase MLL often participates in chromosomal translocations that eventually create MLL fusion proteins associated with very aggressive forms of childhood acute leukemia[HESS2004, SLANY2005].
Two proteins(AF4 and ENL), common associating partners of MLL in childhood acute
leukemia were found to bind and utilize P-TEFb for their transformation properties
[BITOUN2007, MUELLER2007]. All this indicates that therapies involving inhibition
of P-TEFb activity might be an option.
As an example of the P-TEFb deregulation, Hexim1 has been shown to bind estrogen
receptor alpha through its basic region and block ERalpha mediated gene expression
[WITTMANN2005]. Over expression of Hexim suppressed proliferation of breast cells.
Indeed Hexim1 was down regulated in samples from invasive breast cancer patients in
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comparison to Hexim1 level in normal breast tissue [WITTMANN2003].
In chronic lymphocytic leukemia (CLL), unlike in most other cancers, transformation
does not involve an aberrant cell cycle. CLL cells are mostly accumulated mature B cells
in G0/G1 phase [KITADA1998]. Clinical activity with a CDK inhibitor were reported
here with flavopiridol: marked efficacy in refractory genetically high risk CLL was observed with the drug [CHRISTIAN2007]. In vitro studies of CLL patient samples reveal
flavopiridol inhibits CTD phosphorylation, leading to reduced RNA synthesis and a
decline of short-lived anti-apoptotic proteins, especially Mcl-1 and X-linked inhibitor
of apoptosis (XIAP), which ultimately results in reinstatement of the ability of CLL
cells to undergo apoptosis. Also, flavopiridol has been demonstrated to induce apoptosis by activating caspase-3, which cleaves poly(ADP-ribose) polymerase and commits
CLL cells to p53-independent apoptosis [BYRD1998]. Indeed, Mcl-1 down-regulation
alone is sufficient to promote mitochondrial membrane depolarization and apoptosis
in acute lymphocytic leukemia (ALL) and CLL cells [HUSSAIN2007].
Larp7 C-terminus is often deleted in human tumors suggesting that activation of
P-TEFb mediated by LARP7 destabilization of large complex is important for proliferation and tumorigenicity of cancer cells. [HE2008]. Genetic inactivation of MXC
(drosophila homologue of LARP7) resulted in overgrowth of lymph glands and hematocyte over-proliferation [REMILLEUX-LESCHELLE2002].
Thus, generally it is likely that ectopic activation of P-TEFb in cancer cells serves to
support transcription of key tumor-progressing genes, unchecked proliferation ultimately converging in tumorigenesis.[KOHOUTEK2009] In breast cancer, activation of
SC seemed sufficient to promote malignant transformation [HE2008]. But in acute
childhood leukemia, simple activation has no effect - rather misplaced recruitment of
P-TEFb through oncogenic chimeric proteins (MLL-ENL) is the driving force. In heart,
ectopic expression also didn’t lead to tumor formation. This all implies the existence of
a buffering mechanism in cells to deal with elevated P-TEFb activity.

10.2 Virology
The main motivation underlying the search for suitable host targets for antiviral chemotherapy is the expectation that this strategy might prevent the rapid emergence of resistance
observed with many drugs that directly target genetically flexible viruses [WANG2008]
Active P-TEFb recruitment has also been reported for B-cell cancer-associated EpsteinBarr virus by nuclear antigen EBNA2 [BARK-JONES2006] and for T-lyphotropic virus
type1 by the transriptional activator Tax [ZHOU2006].
Two questions are important: [WANG2008]
1. Is transcription of the viral genome selectively sensitive to CDK9 inhibition
2. Are cells of the immune system able to tolerate CDK9 inhibition since it appears to
be important in the activation and differentiation of both Ba and T cells.
It was shown by [BIGLIONE2007] that DRB flavopiridol and roscovitine despite be56

Figure 25:

Role of P-TEFb in a broad spectrum of biological processes P-TEFb (blue pentagon) participates in many different biological processes,

such as development (light orange oval), cancer (violet oval), cell cycle (yellow oval), cytokine response (pink oval) and others (green oval). Abbreviations in
each oval represent particular transcription factors which have been found to employ P-TEFb in given biological phenomena (more information in the text).
Importantly, misregulation of P-TEFb-dependent transcription factors involved in development or cell cycle could also significantly contribute to malignant
transformation of normal cells, as depicted by arrows in this figure. [KOHOUTEK2009]

ing incompletely CDK9 selective, can block HIV-1 replication at concentrations that are
not cytotoxic. [SALERNO2007] showed also that it’s possible to inhibit CDK9 activity
pharmacologically at a level that results in effective blocking of viral transcription and
replication but that does not significantly affect T-cell activation.

10.3 Tat recruits P-TEFb to the TAR element in HIV transcription
Tat is a small protein encoded by HIV and other lentivirus genomes that is required to
activate the promoter contained within the viral LTR. This strong trans-activator is targeted to the viral promoter through interaction with a region of the nascent RNA transcript called TAR. Tat associates with a three nucleotide bulge in the stem of a hairpin
structure that forms spontaneously in TAR. The functional consequence of this association is the enhancement of processivity of RNA Pol II molecules initiating from the LTR
such that long primary transcripts are produced [KAO1987, LASPIA1993, MARCINIAK1991,
TOOHEY1989]. These transcripts in turn are differentially spliced to form all viral gene
products. In the absence of Tat, short abortive transcripts that encode no proteins are
predominately produced [KAO1987] The enhancement of processivity brought about
by Tat requires at least one cellular cofactor: the P-TEFb. Only CycT1 can support
Tat transactivation, T2a and T2b do not [NAPOLITANO1999, WIMMER1999] nor does
CycK since it lacks the cysteine residue at position of 261 of cycline T1 that is required
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for a zinc-dependent interaction between CycT1 and HIV-1 Tat. Evidence suggests that
also another region on the amino-terminal side of the cyclin box (amino acid 29) is important for recognition of TAR [TAUBE2001]
Tat is able to accomplish this by recruiting P-TEFb to the 5’end of the nascent viral
transcript (nucleotides +1 to +59), which forms a stem-loop RNA structure called the
trans-acting response (TAR) RNA element. Tat specifically binds to the TAR RNA at the
three nucleotide bulge and several flanking nucleotides in the double-stranded RNA
stem just below the apical loop. CycT1 of P-TEFb recognizes specific residues in the
apical loop of the TAR RNA while Tat also interacts directly with CycT1 near its cyclin box region. Tat, TAR, and P-TEFb allow the formation of a stable ternary complex
that results in the recruitment of P-TEFb to the vicinity of the stalled PolII where it can
phosphorylate the CTD and lead to elongation.
Transcription from the HIV promoter requires the recruitment of P-TEFb through its
association with Tat-bound to the nascent TAR RNA [PETERLIN2006, BANNWARTH2005,
BRADY2005] In contrast to LC, the P-TEFb/Tat/TAR complex is active [ZHOU2000]
The basic Tat sequence involved in TAR binding is highly similar to the basic HEXIM1
sequence involved in 7SK binding [YIK2004].
Tat/P-TEFb transactivation is unique in that Tat induces P-TEFb to phosphorylate the CTD at both Ser2 and Ser5 positions and promotes pre-mRNA 5’-end capping [ZHOU2006, SAUNDERS2006]. Recently, phosphorylation of Thr29 in CDK9(42)
within the HIV elongation complex was able to block transcription of viral RNAs.
[ZHOU2009].
Given the importance of p300/CBP in the acetylation of Tat and activation of HIV transcription, it is not surprising that the HIV virus utilizes the same acetyl transferase
complex to acetylate Tat in order to stabilize formation of Tat-P-TEFb-TAR complex to
initiate viral transcription [OTT1999]. Therefore, it seems that the virus intentionally
subverts natural cellular cofactors of P-TEFb to support its own replication cycle.
An interesting lentiviral vector has recently been engineered associating four different cassettes including U6, 7SK and two RNA PolII promoters driving four different
shRNA sequences [BRAKE2008] This vector has been used to efficiently down-regulate
HIV-1 that escapes single shRNA inhibition.
Recognition by the Tat viral protein of the TAR RNA is one of the first case of RNA/protein
couple reported to control eukaryotic transcription [BERKHOUT1989].

10.4 Cardiology
Cancer is characterized by hyperplasia, but many forms of heart disease display hypertrophy (increase of size of terminally differentiated cardiomyocytes.) Cardiac hypertrophy occurs as a result of intrinsic haemodynamic stress, f.ex. as a result of diminished heart function in myocardial infarction, as well as in response to extrinsic
biomechanical stress, typically as a result of hypertension. Although the hypertrophic
response is initially beneficial adaptation to pathological stress from cardiovascular disease, in long term this response becomes decompensated and can lead to heart fail58

ure, at least in part though apoptotic and necrotic cell death. [CLERK2007]. There is
evidence that hypertrophy increases the risk of cardiac morbidity and mortality [ESPOSITO2002, GARDIN2004], and inhibition of hypertrophy is beneficial in this respect
[GARDIN2004]. Hypertrophy is characterized by global increases in mRNA and protein synthesis, and thus depression of CDK9 rather than CDK7 has shown to be limiting
for cardiac hypertrophy [SANO2002]. On the basis of this, CDK9 has been proposed
as a relevant drug target, either directly though its kinase function or in the pathway
leading to CDK9 activation through dissociation of LC in the heart [KULKARNI2004,
SANO2004].
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Part IV

Nuclear Targeting of P-TEFb: Results and
Discussion
Transcription factors that interact with macromolecular complexes on chromatin exhibit high mobilities within the nucleus, transiently and repetitively contacting their
target sites. The research project described in this thesis sets out to investigate dynamics of general transcription factor P-TEFb.
P-TEFb is a heterodimer consisting of subunits CycT1 and Cdk9 [PENG1998, PETERLIN2006, PRICE2006] which in its active form phosphorylates the Ser5 residues on the
CTD of Pol II and the negative transcription elongation factors NELF and DSIIF [MARSHALL1996, PENG1996], causing Pol II to switch from initiation to elongation phase
[OTERO1999].
P-TEFb is considered a general transcription factor crucial to the transcription of most
genes [CHAO2001, PRICE2001, SHIM2002]. It exists in two forms, the heterodimer
alone and an catalytically inactive complex sequestered in 7SK snRNP. The catalytically
inactive complex, 7SK snRNP, consists of the snRNA 7SK, Hexim1 [NGUYEN2001,YANG2001,
MICHELS2003] and Larp7 (PIP7S) [HE2008]. The the two forms associate in a specific
and reversible manner [NGUYEN2001]. Any inhibition of transcription, such as drugs
or UV treatement triggers the breakdown of the 7SK complex and promotes accumulation of free P-TEFb [NGUYEN2001]. Likewise, it is possible to break down the large
complex by 7SK RNA interference.
P-TEFb exists intracellularly in a dynamic equilibrium with its inactive form at ∼50%
in HeLa cells [NGUYEN2001]. The ability to shift the equilibrium reversibly by intracellular signalling, stress or pathological conditions [CONTRERAS2007, CHEN2008,
BARBORIC2005, KIERNAN2001, FU2007] indicates a highly regulated mechanisms of
the equilibrium. This high regulation is not explainable enzymatically - by rendering
∼50% of the enzyme inactive, one does not limit it’s activity with a significant degree.
Here with we pose the question of whether the mobility and changes therein could
present a form of control of the activity of P-TEFb.
In order to study P-TEFb dynamics in the nucleus by in vivo imaging, a fusion protein
of CycT1 was constructed with a GFP-tag at its N-terminus. The co-existence of the
fusion protein with Cdk9 and its ability to phosphorylate the CTD of the RNA Pol II
has been tested in vitro. The small active complex has a size of ∼ 70kDa, while the large
has a size of ∼ 120kDa. GFP has a size of ∼ 30kDa; by which size-related effects of the
GFP fusion protein on diffusion are not expected, since the relation of size scales as the
cube root of mass.
A stable U2OS cell line expressing CycT1-GFP was constructed. The Western blot (Figure 27A) shows levels of endogenous CycT1 and the fusion protein expressed in our
stable cell line being amplified by approximatively a factor of two. Immunoprecipita60

Figure 26:

Schematic drawing of the P-TEFb equilibrium The small and large complexes co-exist in dynamic equilibrium. Upon transcription

inhibition, the large complex is broken down in favor of the small complex, probably through a feedback mechanism from the paused RNA Pol II.

Figure 27:

Biochemistry of the CycT1-GFP construct (A) Western blot showing exogenous expression of CycT1-GFP and the endogenous CycT1. (B)

Immunoperciptation of CycT1-GFP with Hexim: by inhibiting transcription with DRB, the 7SK snRNP complex breaks down in favor of the small complex of
P-TEFb, shown by the inability to co-immunoprecipitate Hexim with CycT1-GFP after DRB treatement.

tion of Hexim (Figure 27B) shows the breakdown of the large complex upon treatement
with 5,6-dichlororibofuranosylbenzimidazole (DRB); a drug that inhibits the kinase
Cdk9 specifically by competitive inhibition, and thereby stops transcriptional elongation. Thus, the fusion protein exhibits same trends of behaviour as endogenous CycT1
in response to treatement with DRB.
In order to understand the dynamics of the system, it is necessary to investigate it
in both scenarios of the population ensemble behaviour and the single molecule level.
The subsequent sections will provide an insight into the methods and results of the two
approaches.
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Figure 28:

Endogenous and exogenous CycT1 distribution Immunofluorescence image of P-TEFb(left) and a CycT1-GFP stable cell line(right)

11 The mobility of P-TEFb ensemble molecules
Macroscopically, P-TEFb is distributed homogeneously throughout the nucleus, with
the exception of nucleoli (Figure 28). We set out to investigate population dynamics
and redistribution of P-TEFb in the nucleus by methods of FRAP and FLIP.

11.1 Fluorescence Recovery After Photobleaching
Investigating P-TEFb dynamics in the nucleus, fluorescence recovery by photobleaching (FRAP) measurements were conducted on the stable cell line expressing fluorescent
CycT1-GFP. The FRAP curve shows full recovery and rapidly exchanging P-TEFb of a
half-life ∼ 700ms. By default, a bleach of ∼ 1µm diameter leads to a full recovery in
∼ 1s for a system with freely diffusing protein [STAVREVA2004].
By bleaching spots of different sizes and monitoring the fluorescence recovery in the
smallest region common to all of these, one can determine the nature of the diffusion of
the system.
In the case of P-TEFb, the recovery curves of different radii overlap fully (Figure 29B)
- diagnosing a diffusion unlimited system, i.e. where diffusion is fast in comparison
with binding and can thus be ignored. This is due to the ubiquitous exchange of fluorophores at their stationary binding sites all over the bleached area. In this case, the
recovery will depend uniquely on the binding dynamics, and not on the distance from
the bleach to the area of recovery observation.2
2

See (Figure 9) for an explanatory diagram
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Figure 29:

Fluorescence Recovery After Photobleaching of CycT1-GFP in Nucleoplasm (A)The FRAP experiment on CycT1-GFP. The curve shows

full recovery with a half-life of ∼ 700ms . (B) FRAP experiments conducted on bleach spots of different radii, showing recovery monitored at the minimal
radius (800nm in this case). Overlapping curves signify a diffusion-unlimited system.

11.1.1

Quantifying the FRAP

The type of diffusion unlimited behaviour that our FRAP curve exhibits can be sorted
into the reaction-dominant domain, since its recovery will depend only on binding.
[BULINSKY2001] demonstrated analytically that rate constant for FRAP recovery is
identical to the dissociation rate kof f .
In a simple reaction with a single binding step to the substrate:
F + S ⇀↽kkon
C
of f
where F, S and C denote the concentrations of the free protein, vacant binding sites
and bound complex respectively. Then, in the reaction dominant case, the fluorescence
recovery will depend on the dissociation rate of the protein from it’s binding sites:
F (t) = 1 − Ceq exp(−kof f )
∗ and k
such that the fit to the FRAP recovery yields kon
of f ; since:

Ceq =

∗
kon
∗ +k
kon
of f

. Here, it is assumed that the system is in equilibrium before photo-bleach and that
binding substrates are immobile. Since the amount of binding sites is considered constant, the pseudo-association rate is directly proportional to the real association rate,
∗ =k S .
since kon
on eq
Analyzing our FRAP curves, we are able to fit the results with two exponentials presenting two differently recovering populations of fluorophores. The dissociation rates
of the slow and fast turnover populations were found to be have values of kof f −slow =
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0.03807ms−1 and kof f −f ast = 0.004653ms−1 with magnitudes of 60 and 40% respectively (Figure(31)). The residence times are herewith 26.2ms and 214.9ms respectively.
These values stand for extremely high turnover rates when compared to RNA PolII
(2 − 280ms−1 )[DARZACQ2007]. Also, the values are very comparable to the recoveries of other transcriptional activators [KARPOVA2008, MCNALLY2000, SHARP2006,
RAYASAM2005, BOSISIO2006], thus CycT1 exhibits an comparable dissociation rates
to f.ex. the one of NF-κB and other transcription factors3 .
Consistently, the log(kof f −slow ) = −3.6 and log(kof f −f ast ) = −5.7 values lie in the
reaction-dominant regime in the scheme of [SPRAGUE2004] in the field domain of
the association and disocciation values where the model can be reduced to the sim∗ values in the range of
pler reaction-dominant case (see Figure(10)) and enables kon
0.1 − 100ms [SPRAGUE2006].
Furthermore, the two values obtained for the dissociation constant suggest two different natures of binding, where one could be specific binding to substrates, and the other
unspecific binding which could be a prequisite to the specific.

11.2 Addressing Binding
Having established the reaction-dominant nature of P-TEFb, we proceed to address
the specific binding and exchange of P-TEFb at active transcription sites. FRAP was
conducted on a multiple gene array. The SJ cell line contains ∼ 200 copies of a gene
cassette which enables visualizing of the gene array by marcation of LacI, monitoring
of transcription by tagging of produced mRNA stem loops and visualization of produced protein by its accumulation peroxisomes. The system gives an amplification of
the heterogeneously distributed active genes, such that one sees a clear accumulation
of P-TEFb at the site (Figure 44). Upon bleaching, the recorded recovery curve shows
rapidly exchanging P-TEFb with a half-life at ∼ 900ms, confirming the high turnover
rates predicted for transcription factors (Figure 30). A marked difference of ∼200ms in
the half-recovery is found between heterogeneously distributed binding sites, and the
homogeneous concentrated binding sites, where the recovery is delayed in the latter.
this suggests that P-TEFb is immobilized onto high-affinity active transcription sites
for longer than onto average genomic sites that contain unspecific as well as specific
binding substrates.
Since an increase in binding sites does not change the dissociation rates, we can fit
FRAP recoveries obtained on the active site with mass action equations. Herewith we
obtain that the amount of slow turnover dissociation population has decreased by 10%
at the expense of the faster turnover (Figure 31).4 This suggests that binding plays an
important role in the dynamics of P-TEFb. Furthermore, we may extend the argument
that the slow dissociation constant represents the more stable specific binding of P3
4

see review of [DARZACQ2009] for an exhaustive list
By measuring parameters of the gene array such as density of binding sites and its dimensions, one can

∗
∗
∗
find approximations for the association constant also by using kon
= Seqkon and Ceq = kon
/(kon
+ kof f ).
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Figure 30:

FRAP of CycT1-GFP at the active gene array The FRAP recovery after bleaching CycT1-GFP on the active gene array at the SJ cells. The

curve is superimposed on the recovery obtained when bleaching nucleoplasm with homogeneously distributed binding sites. Binding clearly has the effect of
attenuating the mobility of CycT1.

Figure 31:

Two exponential fits of FRAP recoveries in Nucleoplasm and the Active Gene Array (A) bleach in the nucleoplasm and (B) bleaching at

the active gene array. The population with the slow dissociation constant increases at higher concentrations of binding sites. The two speeds of recovery are
comparable.

TEFb onto its substrate.
To confirm that dissociation constants obtained from the FRAP recoveries are identical,
we refitted the two curves fixing them to their mutual average, and letting the population proportions vary. The result is shown in (Figure 32). Herewith, we observe that
the population of molecules with slow dissociation constants rises by ≈15%.
The effect of DRB was tested for effects on FRAP curves for both cases in the nucleo65

Figure 32:

Exponential fits of FRAP recoveries in Nucleoplasm and the Active Gene Array fixed at their average dissociation constants (A) bleach

in the nucleoplasm and (B) bleaching at the active gene array show good fits to the same dissociation constants of kof f −slow = 0.03558ms−1 and
kof f −f ast = 0.004026ms−1 with proportions of the fast dissociation constant at 38% in the nucleoplasm rising to 46% at the active gene array. Thus,
proportion of slow dissociation constant rises when presented an increased concentration of binding sites..

Figure 33:

DRB doesn’t affect FRAP recovery of P-TEFb Inhibition of Cdk9 does not prevent binding from occuring at the active gene array.

plasm and at the active gene array (Figure 33). The recovery remains unchanged, suggesting the same binding dynamics of P-TEFb in its inhibited state. Thus, 7SK snRNP
does not affect the dissociation constant.
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11.3 Fluorescence Loss in Photobleaching
Generally, the reaction dominant regime is entered by a combination of slower on-rates
and low concentrations of binding sites [SPRAGUE2004], which describes the case of
P-TEFb. Theory in the preceding analysis states that FRAP recoveries in the reaction
dominant regime depend only on the residence time τres = 1/kof f of the molecule at
it’s binding site [BULINSKY2001, SPRAGUE2004]. Yet, the resolution of FRAP is limited since short distance translocations are sufficient to lead to full recovery, and short
observation times allow the recording of a limited number of turnover events. The resolution of these turnover events is amplified in FLIP, which will enable us to observe
spatial dynamics of P-TEFb over the entire nucleus with homogeneously distributed
binding sites; and investigate the role of on-rates in the dynamics of transcription factors in the nucleus.
Fluorescence loss in photobleaching involves repetitive bleaching of a marked area and
the monitoring of the decay of fluorescence thoughout the whole compartment. In this
way, one can adress the mobility of tagged proteins at compartments and areas outside
and at further distances from the bleach spot. Our FLIP experiments were calibrated to
deplete all fluorescence of nuclei by using 1bleach/s for the duration of 500s. We use
the first 100s imaged for normalization control.
The data is presented in the form of a radial analysis by recording the decay rate of each
radius of the width of one pixel (160nm) with their center at the laser bleach.
In order to compare with a fluorophore that is expected to demonstrate pure diffusion without binding, FLIP was conducted on transiently transfected cells with YFPnls (Figure 34A), A radial spread is still visible, indicating mild spatial dependance. To
present a contrasting scenario, FLIP was also conducted on cross-linked nuclei fixed
with 4%PFA. These decay curves provide a characterization of the bleach effects due to
the laser uniquely (Figure 34B), on fully static populations of fluorophores. Note that
the laser effect spans the entire nucleus.
Graphs were subsequently quantified by fitting each of the radii to a sum of exponentials in order to estimate the variation between all radial decays. For the immobilized
cells, it was necessary to use a sum of three exponentials:
I = a exp −bt + h exp −dt + (1 − a − h) exp −gt + c
where I denotes the intensity, t the time, and c an eventual stationary fraction. a and h
will denote the proportions of the fast, intermediate and slow decays.
In an absolutely stationary system such as the one of the fixed cells, we investigate
the behaviour of the three decay parameters without constrainment. Taking the assumption that the fast decay stems directly from the immediate bleaching of molecules
initially at the area of the laser beach; we fix the value of the fast decay speed at
it’s value of most significance (at low distances from the laser bleach) at the value of
kf ast = −1.5s−1 . Then we reinsert this value into a sum of two exponentials used to fit
the rest of the FLIP curves:
I = a exp −bt + (1 − a) exp −kf ast t + c
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Figure 34: FLIP decays of YFP-nls and fixed cells The FLIP decay of YFP-nls (left) represents a freely diffusing molecule, whereas the fixed cells (right)
represent a case where there is zero mobility.

We assume that the slower fraction, whose proportion rises at the expense of the fast
towards the increasing distances from laser beam is due to mobility and slight bleachings caused by the Gaussian tails and scattering of the laser.
The values obtained from the slow decay and the manner in which they vary with increasing distance from the bleach will thus give us a parameter directly depicting the
radial spread of the FLIP curves. Thus we plot these values in a graph depicting the
slow decay rates agains the distance from the laser. Because of artifacts caused by the
laser and the low amount of pixels at low radii, we fit these lines to first order polynomials to obtain slopes starting from a 6µm distance from the laser bleach. Considering
the rising population of slow decay proportions, we weigh the significance of the fit
proportional to the fractional population of the slow decay (Figure 35).
Addressing the system of study, FLIP experiments were conducted on the stable cell
line containing fluorescent CycT1. In the endogenous case, the cell maintains its dynamic equilibrium between the small and the large P-TEFb complex [NGUYEN2001].
(Figure 27) shows that treatement with 100µM DRB over the duration of 1hour works
to efficiently break down the large complex in favor of the small, creating a scenario
in which cells treated contain only the small complex. The results from these FLIPs is
shown in (Figure 36).
FLIP results show clearly faster dynamics in the untreated case with both complexes in
comparison with the FLIP with only the small complex. This might seem paradoxical
with respect to the sizes of the diffusing molecules, however, the small complex being
catalytically active or inhibited maintains its binding via the CycT1 sub-domain and
maintains its binding abilities that attenuate its diffusion. The data suggests that the
large complex facilitates diffusion by making it impossible for the CycT1 to bind to its
substrate and acts as a transport mechanism for the small molecule. This seems to be
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Figure 35:

FLIP Analysis to obtain parameter for radial dispersion (A)The immobilized fluorophore FLIP is fitted to three exponentials to obtain the

fast decay rate (i). Two exponential fits are used to fit the rest of the data (B) shows these fits in the cases of untreated and DRB treated CycT1GFP. The slow
decay proportion rises with increasing distance from the laser bleach (ii) which is used as a weighing for the first order polynomial of the obtained slow decay
rates.
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Figure 36: FLIP decays of untreated CycT1-GFP stables and the DRB treated case Radial dispersion is clearly increased in the case of DRB treatement,
signifying a decrease in mobility.

a controlled diffusion mechanism by which the nucleus is able to efficiently transport
P-TEFb around fields of unspecific binding sites by covering its binding affinity areas
and by causing break down in order to liberate the active complex that can phosphorylate protein-coding polymerases to go into elongation phase.
Inhibition of transcription by cycline-dependent kinase 9 inhibitor DRB may have artifacts on the structure of the cell nucleus and other side-effects on transcriptional machinery. As a control, YFP-nls transiently transfected cells were tested for differences in
the diffusion profiles upon treatement with DRB. This experiment yielded a diffusion
profile identical to the one without DRB treatment.
The quantification of these experiments was made as described above. The result is
shown in (Figure 37), which depicts clearly a steeper decrease of the absolute value of
the slow decay rates in the case of higher radial dispersion with DRB. For a comparison,
YFP-nls and immobilized fluorophore FLIP results are plotted.
Testing that the inhibition of transcription did not produce artifacts in the machinery to produce slower diffusions due to effects other than the breakdown of the large
complex, the system was tested by conducting 7SK RNA interference on cells. The
technique breaks down the large complex but keeping the small complex catalytically
active and not inhibiting transcription, liberating the system from artifacts that could
arise due to the inhibition. The result is similar: attenuation of diffusion is observed
in the scenario where the large complex has been broken down, while the control with
RNA interference against luciferase exhibits usual mobility identical to the natural case
of both complexes being present in the cell. The FLIP curves are shown in (Figure 38).
Magnitudes of the ν show similar trends as in the untreated and DRB case.
These observations change our conclusions derived from the FRAP-recovery. The FRAP
results exhibit high turnover rates and a fast recovery. It assumes that the recovery rate
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Figure 37:

Slow decay variance with distance from bleach for different FLIP experiments Plot of slow decay rate variance with distance from bleach

for YFP-nls, CycT1 untreated, DRB treated and immobilized fluorophores. The slope denotes the radial dispersion and is a measure of the spatial mobility of
the fluorophore.

depends only on the dissociation rate of the molecule from it’s stationary substrate. In
the case of increased spatial and temporal resolution of FLIP experiments, we observe
a clear radial dispersion presenting an attenuation of diffusion; after which it seems
rather that it is the amount of LC and the kon association rate that globally governs the
mobility throughout the nucleus, rather than the kof f rate as explained by the FRAP;
which might be relevant only for short distances and temporal scales.
The P-TEFb molecule, has short residence times but high binding frequency, and finds
its substrates with a rate of kon of target search. Since specific targets in forms of active
genes exist throughout the entire nucleus, this kon rate governs the molecule’s diffusive
properties.

11.3.1

Saturation of System

The dynamics of P-TEFb in the nucleus is controlled by a regulated diffusion using 7SK
snRNP as a mask to transport the active complex. Endogenously, it is highly probable that P-TEFb is present in the nucleus in limiting concentrations. Upon exogenous
expression of CycT1 - GFP, the endogenous amount of P-TEFb is not down-regulated
(Figure 41A).
With our assumption of a constant number of binding sites5 , we pose the question of
how the system might behave in an excess of P-TEFb. By over-expressing the fusion
protein we are bound to increase the total amount of CycT1 in the nucleus.
Three stable cell lines with different levels of expression of CycT1-GFP were constructed
5

In all FLIP experiments, an area of ∼ 300µm2 nuclei were used for experiment
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Figure 38:

FLIP decays of 7SK RNAi and control Luciferase and 7SK; along with the untreated and DRB-treated cells below. Both treatement with

DRB and 7SKRNAi produce FLIP curves of higher radial dispersion than their controls, indicating attenuated diffusion in the absence of the 7SK snRNP
complex.
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Figure 39:

Histogram showing the radial dispersion parameter Rate of decay per distance from laser bleach portrayed for the four FLIP experiments.

The values obtained for the untreated case and the RNAi Luciferase treatement are similar as expected. DRB treatement and 7SK RNA interference, both
breaking down the large complex, show increased radial dispersion, meaning lower spatial mobility of CycT1.

and their motion profiles tested by FLIP. As expected, in a field of specific and unspecific binding sites, the results show that saturating the system with over-expressed exogenous CycT1-GFP gives rise to a free population once all binding sites have been
saturated, and thus yields the effect of higher mobility of the fluorophore. This once
more indicates that it is not the dissociation rate of the molecule that governs its mobility; since a decrease in vacant binding sites is directly related to the association rate.
In the experiments of this thesis, the stable cell line expressing the middle ammount
of CycT1-GFP was utilized due to the low expression noise artifacts produced by the
low-expressing cell line.

12 Probing Interaction Partner RNA Pol II
P-TEFb has its substrates on Ser5 residues which cycline-dependent kinase 9 phosphorylates in order to activate transcriptional elongation. Observing actively transcribing
gene arrays, one sees both an accumulation of both RNAPolII and P-TEFb (Figure 44).
Taube et al. [TAUBE2001] found interaction between the CTD tail of the RNA PolII and
the histidine-rich domain of the CycT1. All this leads us to investigate the mobility of
CycT1 in relation to RNA Pol II as its substrate.
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Figure 40:

Saturation of Binding Sites causes higher mobility of CycT1 (A) Western blot showing overexpression of CycT1-GFP in three differently

expressing stable cell lines. (B-D) FLIP curves obtained by conducting experiments on these three cell lines.7

Figure 41: Overexpression Effect on Radial Dispersion With increased expression of CycT1, binding sites are saturated, giving rise to a freely diffusing
population. The case with lowly expressing CycT1 shows attenuated mobility presented by a high value for the radial dispersion.
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Figure 42:

Radial dispersion values summing the results of CycT1-GFP FLIP Experiments All experiments, with the exception of YFP-nls, were

carefully controlled in their nuclear area and expression levels.
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Figure 43:

Accumulation of P-TEFb and RNA PolII on Active Transcription Site Immunofluorescence images of P-TEFb and RNAP II showing

accumulation of the molecules on the active transcription site (marked with LacI-CFP). Histogram showing the accumulation factor of CycT1 compared to
background. 9

Since P-TEFb has binding sites ubiquitously present in the nucleus. By this co-localization
and the hypothesis of P-TEFb substrates at the transcriptional machinery, the following
experiments set out to investigate the dynamics of interaction between RNA PolII and
CycT1.
Transcription inhibition causes a reduction in the engaged fraction of RNA Pol II, as
shown by FLIP experiments conducted by [KIMURA2002]. Confirming these results,
our FLIP experiments conducted on the stable α-amanitine resistant cell line containing
fluorescent RNA Pol II as Rpb1-YFP, show gravely attenuated diffusion of the molecule.
Upon inhibition of transcription by treatement with DRB, the FLIP experiments yield
decays that exhibit slightly higher mobility. It has been shown that CycT1 only acts
after the action of Cdk7 on Ser2 residues - and it is highly probable that elongating
engaged polymerases stop on pauses on the DNA template upon transcriptional inhibition, serving as binding sites for P-TEFb.
Inhibition of transcription causes the inverse effect of decreased mobility of the transcription factor P-TEFb. However, upon comparison of the mobility profiles with CycT1GFP which contain the opposite trend of diminishing mobility with treatement of DRB,
one can not exclude RNA Pol II as the binding candidate of CycT1: the engaged fraction is still large enough to account for the immobility of CycT1.

12.1 Probing the interaction by FLIM
To investigate the interactions between the two molecules by FRET, acquisitions of lifetime measurement of complexes were performed on living cells stably expressing Rpb1YFP and transiently transfected with CycT1-CFP. These two fluorophores, upon coming
into each others proximity of ∼5nm or closer, will produce a FRET signal which in the
case of live cell imaging can be used to measure the lifetime of the complex. (Figure 46)
shows the control picture containing only CycT1-CFP, and subsequently images of cells
containing both fluorophores. The complete lifetime imaging system and the charac76

Figure 44:

FLIP decays of RNA Pol II with and without DRB treatement FLIP decays of α-amanitine resistant RNA PolII. This stable cell line does

not contain endogenous polymerase due to selection by the drug, and represents a non-overexpressed scenario. A slight decrease of the stationary fraction of
the polymerase, obtained by fits to two exponentials of the FLIP curves, is observed.

terization process applied is described in [WAHARTE2006].
A slight lifetime decrease can be measured when comparing fluorescence lifetime images of cells expressing CycT1-CFP (2,87+/- 0,01 ns) and co-expressing CycT1-CFP/Rpb1YFP (2,83+/-0,02 ns). While looking more carefully at the lifetime distribution per pixel,
it is noted that for the double-transfected samples, a shift in lifetime distribution is observed as well as systematically low lifetime values down to 2,5ns indicating restricted
areas where stronger interactions occurs. Upon addition of DRB to the previously mentioned samples, no lifetime decrease is observed in the case of cells expressing CycT1CFP alone; while DRB induces an increased lifetime shift to the lower values (2,81+/0,01ns) indicating higher affinity between CycT1 and RNA Pol II.
Furthermore, upon addition of DRB red spots are obvious throughout the nuclei, showing areas of increased interaction. These spots were observed previously in FLIPs upon
depletion of the fluorescent protein as spots with slightly longer residence times. Since
the mobile population of the large complex is eliminated in this case, the active and
highly sticky small complex tends to stay in places of active places which could represent active genes. One useful experiment to conduct here would be the FLIM imaging
of an active gene array which would remove any doubt of the spots localizing spots of
increased interaction between the two molecules at transcriptionally active genes.
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Figure 45:

Fluorescent lifetime measurement of interactions on CycT1 and Rpb1 FLIM images of CycT1-CFP, CycT1-CFP and Rbp1-YFP, and finally

the latter treated with DRB. Courtesy of Corentin Spriet.

Figure 46:

Nuclear environment with and without DRB treatment FLIP images 10 frames after bleach (insert: entire cells) (A) zoom into the nuclear

environment after treatement with DRB: already after 10 bleaches, most of the freely diffusing population is depleted and hotspots, or speckles of P-TEFb
accumulation are visible. Note the absence of nucleoli after inhibition of transcription. (B) zoom into the nucleoplasm in an untreated cell. The freely diffusing
population is dynamically replenished, covering possible hotspots.
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Figure 47:

Rpb1 subunit of RNA Pol II attenuates mobility of CycT1 (A) Western blot showing the absolute decay of the RNAP II Rpb1 subunit after

4hours of treatement. (B) FLIP decay of CycT1-GFP on cells treated with α-amanitine and DRB; recovery of P-TEFb mobility is observed, signifying a loss of
binding sites. The drug triggers breakdown of the Rpb1 subunit contaning the CTD of the RNA Pol II, which is a substrate of CycT1 [TAUBE2002] Upon this
breakdown, CycT1 regains mobility as seen by the low radial dispersion of the graph.

12.2 Eliminating the Substrate
Having established the interaction between the two molecules, we set out to investigate the dynamics of P-TEFb once its substrate is eliminated. α-amanitine is a drug
that triggers the breakdown the Rpb1 subunit of the RNA PolII in the course of 4h
[NGUYEN1996]. In theory, α-amanitine triggers breakdown of the large complex since
it inhibits transcription. To be consistent with the control, we added DRB to the stables expressing CycT1GFP cell line after treatement of α-amanitine. The FLIP results
of α-amanitine and DRB treated and the untreated case did not differ: they both show
diminuated radial dispersion (as compared to its control with DRB (Figure 48insert)).
Thus, P-TEFb regains all of it’s mobility caused by the breakdown of the large complex.
Untreated cells however, also exhibit some binding to substrates as is visible by the difference of their FLIP decays when compared to YFP-nls or binding deficient mutants.
Although RNA PolII is now considered one of the binding partners attenuating the diffusion of P-TEFb, it might not be the only one.
Possible artifacts of α-amanitine treatement were tested on YFP-nls, with no change in
this molecule’s mobility profile.
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Figure 48:

Scheme mapping truncation constructs of CycT1-YFPnls Red shading: the histidine region known to bind to CTD [TAUBE2001] and the

yellow shading central region known to bind to Brd4 [JANG2005]. Construction by Nina Verstraete.

12.3 Testing of binding-defective mutants
P-TEFb activates transcription from proximal and distal sites upstream and downstream of the promoter and coding sequence of a reporter gene; and interaction between C-terminal regions of RNA Pol II, CycT1, and distal sites enables P-TEFb to act
as a transcriptional co-activator. The interaction between CycT1 and the CTD was established in nuclear extracts in vitro by Taube et al. [TAUBE2001]. They found that
indeed the region responsible for this interaction is the histidine-rich section of CycT1
at the nucleotides 480 - 551 towards the N-terminal domain of CycT1.
Mapping the interaction on specific regions of the CycT1 subunit, we constructed truncations in collaboration with the lab of Olivier Bensaude, to exclude the complete, and
specific subparts of the histidine region described by [TAUBE2001] and investigate the
central region described by Jang et al. [JANG2005] that was shown to bind Brd4.
Our constructs included:
• CycT1(1-490) includes the coiled-coil region. Does not interact with Brd4 or Rbp1
[JANG2005, TAUBE2001]
• CycT1(1-503)
• CycT1(1-533) includes the both coiled coil and histidine-rich region. Interacts
with Brd4 [JANG2005], and pulls down GST Rpb1 (prel.data, O.Bensaude lab)
• CycT1(1-551) as above, this truncation is shown to interact with both Brd4 [JANG2005]
but also with Rbp1 [TAUBE2001].
To test the involvement of these truncated versions in the transcriptional machinery,
their accumulation on active gene arrays on SJ cells was probed with transient transfections of each of the constructs. The resulting images showed little accumulation of
the CycT1(1-551) including the entire histidine region and the WT protein only. Thus,
the region involved responsible for binding Brd4 does not seem sufficient to recruit PTEFb to a higher concentration on the active gene array. Normalizing the signal to the
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Figure 49: Accumulation of P-TEFb truncations on active gene array (A)Transient transfection images of accumulation of CycT1-YFP truncations and
(B) CycT1(WT) on the active transcription site. Histogram depicting relative accumulations.

background, the accumulation levels are shown in (Figure 50)10 . The accumulation of
the CycT1(1-551) is much lower compared to the CycT1 WT.
Followingly, we set out to test the mobility of each of these mutants, FLIP experiments were conducted to show their interaction profiles on the homogeneous distribution of binding sites in the nucleus. In accordance with accumulation experiments, the
CycT1(1-533)-YFP treated with DRB FLIP decay showed a radial distribution smaller
10

See appendix (Figure 62) for method
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Figure 50:

FLIP decays of transiently transfected cells with truncated CycT1-YFP treated with DRB The attenuation of mobility due to DRB is seen

to a considerable extent only in the mutant containing all of the histidine-rich region CycT1(1-551).12

than the WT protein without DRB treatment. Truncations excluding all of the histidine region CycT1(1-490, 1-503) exhibited a lower radial distribution comparable to the
one of free diffusion as YFP-nls. The truncation including all of the histidine region
(CycT1(1-551)) regained most, but not all of the value as observed in the WT transcription factor treated with DRB.

13 P-TEFb Single Molecule Dynamics
Observation of ensembles of molecules provides information about the distribution
and mean field behaviours of molecules. At the expense of this information, single
molecule dynamics can provide information about the system such as signatures of
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Figure 51:

Imaging CycT1-DENDRA2 (A) Western blot showing stable cell line with low expression levels of CycT1-DENDRA2, (B) The live cell

expressing CycT1-DENDRA2 in the green channel (left) and in red channel with low activation power (right)

single molecules portraying their movements by measurement of translocations, and
observation of traces to find even change of modes of movement by binding or complex formation.
A real-time PALM setup conducting imaging on live cells was used to investigate single
molecule dynamics of P-TEFb. Using a DENDRA2 tag on CycT1, it is possible to visualize single molecules of P-TEFb by severely reducing the density molecules imaged in
a single frame. The setup uses an excitation laser at 561nm at maximal power to image the red channel. A low power laser of 405nm was pulsed at intervals of 2seconds
and pulse duration of 10ms enables scarce stochastic activation of single DENDRA2
molecules. The area imaged was truncated to include the maximum rectangular area
possible inside of the nucleus, enabling faster imaging of 12.5ms exposure time due to
data transfer, and thus making it possible to track the single transcription factor.

13.1 Single Molecule Analysis
Recognition of single molecule depends heavily on the signal to noise ratios. Several
factors contribute to this, the most important being autofluorescence and out-of-focus
activated molecules that contribute to the background. The movies obtained from single molecules recordings are analyzed in the following steps:
• Recognition of single particles by subtraction of background and smoothing
• Graph aggregation 13 to eliminate signal too small to be a single molecule
• Least squares Gaussian fit to localize the molecule with sub-diffraction precision
13

by MATLAB 7.0 toolbox
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Figure 52: Single particle detection (A) A typical trace showing single molecule tracking; (B) Single molecule detection. Courtesy of Vincent Recamier
• The above is done for each frame, enabling translocation measurements over
time.
The prevalent reason that long tracks are improbable in our experiments is due to
the escape of the particles out of focus.
From tracks of single molecules it is possible to extract information such as the mean
square distance (MSD) of the particle, which is the distance covered by a single fluorophore in a given amount of time. MSD can then be used to extract the diffusion
coefficient of the diffusing speices.
M SD =< |r(t) − r(0)|2 >
where <> denotes the average over all traces recorded. In case of diffusive processes,
the graph of MSD vs. time is linear and the diffusion coefficient can be estimated as the
slope.
Traces obtained from the recorded data can be presented in a cumulative histogram
portraying the frequency distribution counting the number of displacements within
the interval [r, r + dr] for each value of texp from all observed trajectories. This denotes
the probability distribution of absolute molecular displacement as a function of the exposure time. The cumulative histogram will indicate whether there are different modes
of motion within the population of fluorophores, identifying the sub-populations by
fitting. Assuming random diffusion in two dimensions:
p(r, t)dr =

1
exp(−r2 /4Dt)2πrdr
4πDt

where p(r, t)dr is defined as the probability that a particle starting at the origin will be
found at time t within a shell of radius r and a width dr. The diffusion coefficients
should not change with increasing exposure time, but are bound to get more inexact.
The upper limit of diffusion constants detected is defined by the MSD that the molecule
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Figure 53:

Single Molecule Translocations of P-TEFb (A) Translocation histograms of CycT1-DENDRA2 untreated (left) and DRB treated (right). The

green shading represents erroneous detection, which is amplified in the case of DRB.

moves over the exposure time δt. This value must be smaller than the are of the Airy
disk characteristic of the objective lens used; in order to avoid blurring of the image
and reducing SNR and thus localization precision. The upper limit for the measurable
diffusion coefficient is estimated by
Dmax <=

λ2
N A2 δt

where the limiting factors are the exposure time and the size of the observation slice.
The single molecule tracking image sequences were recorded for both untreated and
DRB treated cells. Comparing the cumulative histograms of the two cases, it is evident
that the relative fraction of the fast-moving population diminishes in size at the advantage of the slower moving population in the case where the large complex of P-TEFb
is broken down (see histogram of Figure(54)). In our case the fits excluding the error
yielded two populations in the untreated case and only one in the DRB treated case;
loosing the fast moving population that represents ≈10% in the case of the current fit
in the untreated case.
This is in accordance with the FLIP experiments, since this result indicates that the
small complex by itself cannot travel over longer distances. Due to the error arising of
frequent delocalization of fast populations, one cannot take conclusions on the relative
magnitude of the three populations. However, the relative comparison in the case with
and without the large complex is valid, and concludes, as previously, that the large
complex would be responsible for traveling longer distances, while the small complex
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is capable of constrained target search spanning short translocations.
The mean square distances obtained from the single molecule tracks can be fitted against
the time course, the slope yielding the diffusion coefficient. This process however assumes pure diffusion, ignoring sub-diffusion and binding, which are the characteristics
of our system.

13.2 Error Calculations
The signal versus noise ratio is of immense importance when tracking single molecules.
In the analysis of image sequences, an acceptance parameter thresholding the signal
was set below which there was no detection of single molecules. Setting this parameter
at an estimatedly decent level reduced false detection of background signals, but setting
the threshold too high will eliminate the detection of blurs or slightly out of the focal
plane signals produced by single particles that are scanning the area and produce a
motion blur during the exposure time. This could lead to shorter tracks and loss of
data.
Proof that single molecules are being imaged is the one-step bleach that occurs giving
the characteristic signature of single molecules. DENDRA2 molecules have a bleaching
half-life of 600ms (Figure 55), which enables theoretical tracking of the particles over 6s
at 12ms/frame. Naturally, such long tracks are impossible, majorly due to the escape
of the particles outside the focal volume, which is estimated to be ∼ 1µm, and depends
on the objective’s numerical aperture and magnification.
The limited size of the focal plane when imaging in 2D gives another source of errornamely the overestimation in fractional size of the slow population in comparison with
the fast, since molecules are much more probable to escape from focus if moving longer
distances in the same time of acquisition.
Another source of error arises in the case of high concentrations of particles activated
in frames. To estimate this error and the certainty that a single and same particle is
being tracked in the image sequence, the decay rate was taken into account, which
gives the probability of the same particle being imaged after 7seconds in the movie to
be 1%. To estimate the longest translocation distance possible, the image sequences
recorded were shuffled so as to have the first and the image recorded after 7seconds
always in the consecutive orders. Then, the probability of tracking the same particle
was estimated. The graph in (Figure 54) shows the resulting error calculation, which
has to be recalculated on all movies individually since it is highly dependent on particle
density.
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Figure 54: Single Molecule Error Analysis (A) Decay curve portraying fluorescence survival lifetime of CycT1-DENDRA2; with a half-life of ∼ 600ms.
(B) On the basis of this lifetime, image sequences were re-shuffled to fit have each consequent 7s frames after each other and the error estimated. The maximal
translocation distance allowed in this case is 1.5µm.

Part V

Modelling of the Biological System
14 Differential Equations
The FLIP system is simulated using diffusion and binding. The two processes are described using differential equations: by the heat equation for diffusion and MichaelisMenten binding kinetics for interactions, it is possible to simulate the data presented.
The heat equation describes the traveling of heat through a conductor, and can be readily applied to diffusion:
δ2T
δT
= D1 × 2
δt
δx
where T is the rate of diffusion over space x, and D1 the diffusion constant of the system.
In this simplified case, only two dimensions are considered and there is two boundary
conditions:
T (0, t) = 0 for the absorbing boundary condition at the bleach spot; and
δT
δx (L, t) = 0 for the reflecting boundary condition at the borders of the nucleus, there L
is the distance from the center of the bleach to one point on the boundary.
Assuming an excess of binding sites compared to the transcription factor, consider the
reaction:
TF + P ⇋ TF − P
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where TF is the transcription factor, P the substrate. Assuming first order chemical
kinetics, this reaction is governed by:
dT
= k1 [T F − P ] − k−1 [T F ][P ]
dt
Combined, the system is governed by:
dT
δ2T
= D1 × 2 + k1 [T F − P ] − k−1 [T F ][P ]
dt
δx
which predicts an exponential decay of the fluorescence, along with a linear dependance on the distance from the bleach spot in the case of only the small complex (nonequilibrium) and no dependance on the distance whatsoever in the case of the presence
of both complexes.
Simulations of the experiment that make it possible to model the system become however much more complicated. Here one needs to add extra dimension to the system,
consider with great accuracy the depletion of fluorophores at each time step and its
duration, approximate the geometry and volume of the nucleus, and considering two
complexes and several binding constants, the fit is left with six free not easily constrainable parameters. The diffusion coefficients measured in vitro are not usable and
crowded environments such as the nucleus pose addition problematics with respect of
the nature of diffusion that occurs within them.
In collaboration with Dr.Holcman’s group at ENS Paris, an attempt was made at modelling of the FLIP experiments by coupled partial differential equations and taking into
account exact experimental parameters:
• 800nm radius of bleach, 75% of population within this radius bleached each time
• 12µm radius of nucleus
2

• ∼ (1 − 0.8
)n , where n is the number of bleaches. r = 0.0044, but when the decays
122
of all rings were averaged together and fitted to one exponential to obtain the ratio that is removed with each bleach, r = 0.0137, which is a factor of ∼ 3 larger
than calculated.
The diffusion constants of the small complex and the large are approximated by Stokes
law. In the simulations, only the binding and unbinding rates of the active TF to the
mask and to the bound state were changed. The equilibrium state depending on these
rates and has to be calculated for each simulation. Another assumption is that binding
to the mask and bound state is not saturated. The spectrum (DRB effect) was been able
to be reproduced by strengthening the binding and increasing the lifetime of the bound
complex; taking the conclusion that with very fast diffusion constants, one obtains a
significant radial dependency of the decay curves only with binding.
Unfortunately this method gave rise to an excessive amount of free parameters and
was computationally very expensive and thus was not continued.
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Figure 55:

Simulations of the P-TEFb FLIP dynamics using simple diffusion and binding (A) Simulation where active, bound and masked states

are comparable: (continuous line, at equilibrium 33% of TF are in active, masked and bound states respectively); versus the case where binding is 10-fold
stronger(dashed line: in this case, the equilibrium is shifted versus the bound state and most TFs are in the bound state). (B) The lifetime of the bound complex
is ten times larger compared to (A), concluding that with such fast diffusion constants, one obtains a significant radial dependency of the decay curves only
with binding. Courtesy of Jurgen Reingruber

15 Compact vs. Non-Compact Modes of Movement
Another attractive possibility to describe the system under study was one that included
into its calculations the nuclear environment. In the collaboration with Dr.Voiturier
and Dr.Benichou, the TF’s movement was attempted explained by compact and noncompact modes of movement.
Attempting to interpret FLIP by the temporal decrease of concentration of fluorophores:
Theoretically, one can show that the concentration in proteins at a time t and a distance
r of the irradiated zone, c(r, t) is identical in a FLIP experiment to the probability of
survival (i.e.staying fluorescent) S(r, t). In the case of modelling FLIP data of YFP-nls,
which has a minimal space dependance, the mode of transport is characterized by a
weak dispersion of the typical reaction time (which is defined as above through the
median S(typ)...) which leads to the deduction of a non-compact type of transport.
Theoretical results give S the form:
S(r, t) = Π(r)exp(

−t
)
< T¯ >

where < T¯ > is the mean global time of first passage (GMFPT) in the irradiated zone,
where the scaling for the prefactor Π is the following:
1 − Π(r) ∝

1
rdf −dw

Figure (57A) shows the realized adjustment for one of the curves of YFP-nls: The form
chosen corresponds to formula of S(r, t) where the parameters of adjustment are < T¯ >
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and Π, on which one adds noise given by a time constant which is the third parameter
of adjustement. The results give values of Π = 1, noise = 0.05 and GM F P T ∼= 1min.
The dispersion of the < T¯ > time is inferior to 5%, indicating that GMFPT theoretically
does not depend on r. Figure (57b) shows the 1 − Π after these adjustments, in function
of r. which can give an estimation of the difference
rdf −dw ≈ 0.68
which, in the case of simple 3D diffusion this value is 1.
Contrary to the motion profile of YFP-nls, FLIP experiments conducted on RNA Pol II
show significant dispersion of the typical reaction time, and hence could be considered
of a compact nature, In this compact case,
1−2v
S(r, t) = Π(r)Σinf
k=0 αk

α 2 dw df
t
Jv (αk )
exp(− k2
)
J−v+k (αk )
2(dw − d2f ) < T¯ >

where v = df /dw , α0 < α1 < ... which are the real zeros of the Bessel function J−v
which assumes cylindrical symmetry.
In the compact case,
Π(r) ∝ rdw −df
Thus by dividing every curve of different radii by rdw −df , one obtains a collapse of
curves, and obtains a value
rdw −df ≈ 0.35(±0.05)
Generally, the values of rdw −df of compact exploration systems were situated between
0.6 and 1. This adjustement was taken for the radii between 10 and 30 due to the high
noise levels on other. Figure(57D) shows the collapsed curve by the compact equation
of S(r,t), where the dw and df were arbitrarily chosen from the triangle of Sierpinski,
knowing that the formula is at variations in this dimensions in the compact case. Not
using any noise, GM F P T ∼= 4h. Since one does not control silmutaneously both dw
and df , it is the value of GMFPT that is pertinent, and herewith expectable.

15.1 Finding the diffusion constant of P-TEFb
Applying these theories above on the case of P-TEFb, one takes the assumption that
P-TEFb exists intracellularly in three forms:
• the big complex B, diffusive (DB ∝ RB )
• the small complex S, diffusive (DS ∝ RS )
• the bound L, where mobility is supposed negligible (DL = 0)
• B ⇋ S with equilibrium constant K = [B]/[S] in the untreated case, but [B] = 0 in
the case with DRB treatement.
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Figure 56:

Collapse of FLIP Curves using Compact/non-Compact movement assumption for RNA PolII and YFP-nls (A) Adjustment of one of the

radial FLIP decays (r = 15) for YFP-nls for the theoretical form of S(r, t) plus noise, plotted on lin-log graphs (left), Adjustement of the curve of the obtained
parameters for Π in function of r (right). (B)FLIP decay curves of RNA PolII, divided by r α with α = 0.35 for collapse (left), Adjustment of one of the curves
(r=15) with the formula S(r,t) for the compact case. Courtesy of Olivier Benichou and Raphael Voituriez.
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Figure 57:

Collapse of FLIP data on P-TEFb with a fixed noise level(c). The radii blue-cyan-green-yellow-orangered range from 10 - 60 respectively.

Courtesy of Claude Loverdo

• S ⇀kon L
∗ [f ree sites], with k ∗ a constant, and [f ree sites] the concentration of
• kon = kon
on
free sites for S on RNA PolII. Like this, if free sites are in excess, kon is constant. In
case free sites are limited, as in the case of their occupation after treatement with
DRB <= k U N T .
DRB, then kon
on

• an assumption is that the probability of detachment of L (passage of L to S), kof f
is fixed. K ′ = kkofonf .
Assuming that exchanges between L, S and B are very rapid:
Def f =

S
B
DS +
DB
B+S+L
B+S+L

denoting the concentrations.
Fitting the collapsed curves of FLIP with an exponential, the characteristic exponential
decay is τDRB ≃ 81s and τU N T ≃ 58s (Figure 58 ). It is supposed that τ ∝ 1/Def f .
Thus, one obtains:
UNT
′
Def
(1 + rh K)(1 + KDRB
)
τDRB
f
= DRB =
rt =
′
τU N T
1
+
K
+
K
Def f
UNT

where rh is the ratio of the small vs. big complex, and rt is known as the ratio of the
decay times.
Assuming steady state kinetics (constant K’ (kon )), one makes K vary with proportions
of B, S and L:
(1 + rh K)(1 + K ′ )
rt =
(1 + K + K ′ )
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Figure 58:

′
′
Variance of K under the assumption that KDRB
= KU
N T . Courtesy of Claude Loverdo

Figure 59:

′
′
Pertinent domain for K and KDRB
/KU
N T . Courtesy of Claude Loverdo

The curve behaviour shows that K cannot take any value: if K ′ → inf, rt → 1 +
rh K, thus Kmin = (rt − 1)/rh ≃ 0.97. This means that there is case of K, as much
small complex as large complex, which is incoherent with what is known from glycerol
gradients: there is around 30 - 50% of large complex in a mixture of them. It is noted
that if K is close to Kmin , the proportion of mobile CycT1 becomes very small, such that
the effective diffusion will diminish.
′
In the case of variable kon , one has KDRB
<= KU′ N T . The more K’ varies between the
untreated and DRB case, the more this domain is restrained (Figure 60).
Since RNA Pol II has a lot of free sites, we should prevalently find ourselves in the case
where K’ is fixed.
The FLIP curves collapsed in the non-compact case are fitted with:
S(r, t) = (1 − α/r)exp(−t/τ )
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where
< t(r0 ) >= τ (1 − α/r0 )
with r0 as the distance of departure. IF the geometry is approximated with a sphere
(cell) of radius r+ and with a bleach centered inside the sphere, of radius r− , the mean
first passage time is given by:
< t(r0 ) >=

3
3 + 2r r 3 − 2r r 3
−r03 r− + r0 r−
r+
0 +
− +
≃
(1 − r− /r0 )
6Dr0 r−
6Dr−

r0 was expressed in pixels on the fit, the fit corresponding to r− = 4 − 4.5pixels which
was close to the expected 5pixels. Thus there is the case
τ=

3
r−
6Dr−
r3

and the diffusion can be estimated as D ≃ 6τ−r− . Taking r− = 0.8µm, r+ = 10µm, one
gets a diffusion constant of D ∼ 3µm2 /s. One has to note that this expression is very
dependent on r+ and yields a significant error on the diffusion constant if not correctly
estimated.
By the diffusion formula
kB T
DS ≃
6πηRS
By taking the density of the nucleoplasm as η ≃ 2.10−2 P as, one obtains DS = 5µm2 /s.
Thus, one needs ∼ 60% of small complex in the case of DRB treatement to obtain this
diffusion coefficient. This is not possible (the maximum limit of the proportion of S in
DRB being at 30%).
However, everything calculated is in the order of magnitude, if one has overestimated
r+ , Def f could have been underestimated; η could have been taken as a lower value.
In conclusion, it is possible to explain the results of FLIP with the large and small complexes diffusing normally and the DRB case having the effect of deplacing the equilibrium versus the bound state. However, the equilibrium constant obtained is at the
limit of what was expected. The results do not exclude processes that are completely
different such as sub-diffusion, etc.
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Part VI

Summary and Discussion
This thesis sets out to investigate the dynamics of transcription factors in the nucleus.
Nuclear proteins move through the nucleus by the process of diffusion, and the vast
majority of molecular interactions that have been measured in live cell nuclei are sufficiently transient to allow their principal components to move with characteristics of
effective diffusion [MISTELI2001, PHAIR]. Considering the geometry of paths, as well
as the high density and crowded environment of the nucleus; numerous calculations
have shown that diffusion is not only the least energy-consuming method of transport,
but also the most efficient one in such an environment14 . In the midst of such conditions, and the simple (stochastic) transport mechanism utilized, arises the query of how
a nuclear protein reaches its target site and so performs its action on substrates at the
times required by the cell to yield a fully functional correctly balanced system of gene
expression. Target searches have been previously defined with the first passage time,
which is the time taken for a randomly diffusing particle to reach its target. In the complex nuclear environment filled with substrates of unspecific interactions, and with a
homogeneous and limited distributions of the nuclear proteins, the time taken to reach
a specific target seems to be inconsistent with the efficiency by which biological systems
operate.
This leads us to the general condundrum that this thesis aspires to answer: if at each
point in time the general transcription factor needs to be efficiently distributed throughout the nucleus, working in crowded environments and low concentrations (presumingly), how does it efficiently reach its target site, and at the same time maintain its
availability? Will its target search depend on its initial position, and if yes, what biological implications will this have with respect to gene regulation?

16 Controlled Diffusion Mechanisms
The positive transcription elongation factor (P-TEFb) consists of a CycT1 and a Cdk9
subunit which can phosphorylate Ser5 residues on the CTD tail of the RNA Polymerase,
thus initiating the elongation phase and production of messenger RNAs. Since no
nearly no protein-coding genes are set into activation without the action of Cdk9, this
process is considered as one of the central reactions controlling gene regulation. Naturally, the importance postulates the demand for a highly controlled mechanism of
regulation of P-TEFb levels and action in the nucleus.
There is several different methods to control the activity of a transcription factor: by
its abundance, herewith also spatial abundance, and by modifications of its activity.
[NGUYEN2001] found that the catalytically active P-TEFb in cells exists in two forms
14

For molecules below the size of 100nm in diameter, as stated by [LOVERDO2008]
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in equilibrium: the active P-TEFb complex (small), and sequestered in a larger complex
with 7SK snRNP and Hexim1; the larger complex being catalytically inactive. Furthermore, it was possible for them to show that inhibition of transcription causes breakdown of the large complex; which presumably occurs as a result of a feedback mechanism from RNA Pol II that is blocked in the initiation state. This provides us with a
useful manipulation tool for understanding the functional mechanisms of the P-TEFb
system: upon treatement with a transcription-inhibiting drug DRB that acts specifically
on Cdk9, we produce a scenario where most of the large complex is broken down at
the expense of the small. Establishing that the inactive small complex still maintains
its binding abilities (FRAP), we are able to investigate the dynamic behaviour of the
P-TEFb in situations of equilibrium between the two complexes and in the situation
where only the small complex is present.
Probing the dynamics of fluorescently tagged P-TEFb in live cells, fluorescence recovery after photobleaching (FRAP) experiments show fast recoveries consistent with diffusion processes. Furthermore, FRAP conducted on actively transcribing artificial gene
arrays show that binding attenuates the molecule’s mobility. Both of these FRAP curves
do not change upon treatement of DRB, showing the same binding profiles and FRAP
mobility despite the inhibition of the Cdk9 kinase - it is CycT1 that is indeed responsible
for the binding. However, the resolution of FRAP with respect to spatial information is
limited: for the recovery, it is sufficient to have a fast turnover rate and high exchange
dynamics to produce rapid recovery curves, whereas the distance-to-target issue remains unaddressed. Keeping in mind that an average cell has around 6000 active genes
at a given time, and that binding sites are heterogeneously but but to an approximation evenly distributed throughout the volume of the nucleus, we address the spatial
dynamics of P-TEFb by conducting fluorescence loss in photobleaching (FLIP), which
amplifies the observation of binding effects by increasing measurement space as well
as time of the experiment.
The results obtained from FLIP experiments clearly demonstrate an attenuation in the
mobility of P-TEFb in the case where only the small complex is present. Considering the
sizes of the small and large complexes and the high density of the nucleus, this result
might look paradoxical at first. However, we have to remember that the small complex
is the catalytically active one that is shown to bind to the RNA PolII, while the large is
unable to bind as Taube et al. [TAUBE2002] implies. Thus, herewith we have the case
where both complexes in equilibrium maintain high mobility (FLIP) and homogeneous
distribution (FLIM) of the nuclear factor; whereas the small complex shows clear attenuation of its mobility, and even some accumulations at specific hot spots with high Pol
II concentrations throughout the nucleus (FLIM), which could represent transcription
factories.
Consistent results were obtained in single molecule measurements: upon recording
traces of single P-TEFb molecules and plotting the translocations into a histogram, one
obtains a clear decrease in the long-range traveling population in the case where the
large complex has been broken down. The population of the short-range traveling
molecules rises at its expense.
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Figure 60: Single molecule target search by motion blur and binding by a stable PSF signal Intensity field graphs of two subsequent frames depicting
the recorded target search (by the large complex) and subsequent binding (by the small complex)

We conclude that the 7SK snRNP acts as a nuclear transporter of the small catalytically
active complex, and uses 3D diffusion to transport it throughout the nuclear environment. This indicates indeed that diffusion within the nucleus is a process that can
tightly be regulated by the cell with means of sequestering the active into inert complexes that freely diffuse around the nucleus. The small complex sequestered within the
big does not change its conformation, enabling fast release and recruitment to genes.
The distribution of free P-TEFb in the form of the large complex thus presents the population efficient in recruiting factors to newly activated sites at longer distances from
it’s initial positions, while the small complex is efficient in maintaining its pool of active
complexes and (re-)activating genes at shorter distances to its initial starting position.
Mathematically, one can imagine the large complex performing 3D diffusion throughout the volume of the nucleus, whereas in the vicinity of the substrate, the small complex conducts 1D diffusion in order to find the target. This method would optimize
the target search process and is consistent with the geometry controlled kinetics [BENICHOU2010]: it is highly plausible that activated genes form structures that increase the
concentrations of TFs in their vicinity ([BENICHOU2010 found 3xfold higher reaction
rates in a 100nm geometrically constrained case than in a homogeneous distribution])
One aspect of the images obtained by FLIM after treatement of DRB may indicate such
hotspots of transcription which trap the weakly diffusing small complex in such geometrical structures.
As most transcription factors, P-TEFb is limited in the nucleus and requires a processes
of distribution and activity. An experiment conducted on cell lines stably expressing
different levels of tagged P-TEFb shows an interesting artifact of overexpression of the
nuclear protein: it seems that at high expression levels, the substrate gets saturated,
resulting in an apparent regain of mobility due to the increased free population. Artifi97

cially, the DRB situation can be considered as an amplifier of the limiting of the situation.
The equilibrium between the P-TEFb large and small complex is tightly regulated and
affected by cellular signaling on several levels such as growth, differentiation status,
acetylation and ubiquitination. Thereby, it is implicative that the nucleus possesses a
controlled system of gene regulation in the cell that is greatly helped with the dynamic
profiles of the two molecules. As an example, it has been implicated that differentiated
cells tend to shift their equilibrium towards the small complex. This is indeed profitable, since it is in a differentiated cell’s interest to maintain certain genes active while
decreasing the probability of transcription of others.
Inhibition of transcription by kinase inhibitors could affect processes in the nucleus and
produce artifacts. This is why the control was conducted by conducting RNA interference on 7SK. 7SK RNAi efficiently breaks down the large complex, producing a small
complex that is catalytically active. Our result was confirmed by this method, as well as
a binding-defective truncation mutant of CycT1 that exhibited the same mobility profile upon treatement with DRB as with the untreated case.
In addition to sequestering into the large complex, [KOHOUTEK2009] presents in his
review 8 different active complexes of P-TEFb and 16 variants of inactive complexes,
possibly portraying a palette of different binding affinities and equilibrium constants
for each of those; that all contribute to gene regulation.; along with possibilities of physiological modulations of activity such as phosphorylation acetylation, etc.

17 P-TEFb’s interaction with PolII
The histidine-rich region of CycT1 has been shown to interact with the CTD of RNA
Pol II by [TAUBE2001]. In this thesis, we investigate whether the binding to RNA Pol
II indeed is responsible for the attenuation of diffusivity of P-TEFb inside the nucleus.
FLIM images conducted on cells transiently transfected with fluorophore tags capable of FRET on P-TEFb and RNA Pol II show clearly interaction between these two
proteins. An interesting result is obtained when these interactions are measured and
mapped after the treatement of DRB: the interaction areas shrink to several spots and
there is apparently higher accumulation of P-TEFb alone, as well as P-TEFb in direct
interaction with RNA Pol II. In the case where these hot-spots show active genes 15 this
is consistent with DRB treatement producing a limiting situation of the system by locking the small complex to active gene arrays.
To probe the mobility, FLIP experiments were conducted on cells treated with α −
amanitine (a poison known to trigger the degradation of the subunit Rpb1 of RNA
PolII within 4h). After treating these cells with DRB, a scenario that would theoretically
give attenuated diffusion of the nuclear protein, the FLIP curves clearly show a regain
15

The experiment is on the way for an induced gene array
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of mobility - it is thus concluded that RNA PolII is indeed one of the main binding partners of P-TEFb.
Truncation mutants of CycT1 were constructed to exclude all and parts of the histidine
region shown to interact with CTD. These were tested both by FLIP and their extent of
accumulation on active gene arrays. Consistently, it was shown that truncations not including the entire histidine region show facilitated mobility upon treatement with DRB.
Similarly, truncation trends show a great increase in accumulation on gene arrays when
the histidine region is included in the truncations. Here however, a loss of accumulation occurs when the entire length of the molecule is not included. We can speculate
that the tail after the histidine region possibly stabilizes the interaction.

18 Parameterization of Dynamics
In terms of determination of physical parameters of diffusion and binding coefficients
of the P-TEFb system, the present thesis is a clear example of a ’low input, high throughput, no output’ approach [BRENNER2010].
As presented in the results sections, FRAP recoveries of CycT1-GFP tested positive for
diffusion-uncoupled behaviour in the experiment of multiple sized bleach radii. This
signifies that diffusion of P-TEFb occurs on a much faster time scale than binding, and
thus that these two processes may be separable and the FRAP curves fitable by exponentials to yield dissociation constants. The fits yielded resicence times of 28.1ms and
248.38ms which are consistent with the literature16 . Here, it is assumed that having the
binding concentrations constant, the recovery curve will depend only on the dissociation constant. However. FLIP experiments that increase the spatial resolution showed
that mobility of the transcription factor is not dissociation - but association limiting. The
binding itself is of very short time scales when compared to the target search conducted
by both the large and the small complexes. Furthermore, the association constant, directly associated with the mean first passage time, depends heavily on concentration of
binding sites and volume of the nucleus.
The modelling of FLIP results by interdependent partial differential equations modelling diffusion and binding in consideration of the system’s experimental parameters
yielded likely simulations of the scenario; predicting that an increase in the binding
activity is able to produce a higher radial dispersion as observed experimentally. The
fitting of these to the experimental data was not feasible due to the inability to constrain
the system’s parameters sufficiently to yield deterministic fits.
The use of models predicting geometrically dependent dynamics attempted to describe
the P-TEFb system with both the small and the large complex as a diffusion-facilitated,
non-compact case while the case with only the small complex present with attenuated
diffusion presented the compact case of movement. The survival time for fluorescent PTEFb was modelled, yielding values of diffusion coefficients as DS ∼ 5µm2 , signifying
16

see review of [DARZACQ2007] for a list of relevant values
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that ∼ 60% of the freely diffusing large complex was necessary to yield this diffusion
coefficient - a case which is on the border of consistence with experimental data, where
the proportion of large complex in the case of treatement with DRB is maximally 30%.
However, assumptions on the equilibrium constants were made, as well as on the density of the nucleus, the radii of the diffusing molecules and the experimental bleaching parameters, especially a high dependence of cell volume was observed, consistent
with the extent of variation of the radial dispersion when conducting FLIP experiments
on cells of different volumes treated with DRB. Consistent with the compact mode of
movement, but quantitatively not very feasible, these results implicate a possibly much
higher complexity of the system including more parameters to model.

19 Conclusions, Considerations and Perspectives
The research project of this thesis presents data supporting a model of controlled diffusion by which the nucleus transports it’s proteins and enables efficient delivery to
target sites. Moreover, it links the biochemistry of a crucial and general transcription
factor, the P-TEFb, to it’s dynamic behaviours, implicating that gene expression also
has a role in the spatial distribution and target search efficiency.
The experiments in the present thesis were conducted on cells over-expressing CycT1
with the exogenous CycT1-GFP. Western blots showing different expression levels of
exogenous CycT1 do not seem to downregulate the endogenous amount of the molecule
produced. Since there exist indications that the system is limiting, over-expressing a
molecule intrinsically present at relatively locally low concentrations inevitably produces a saturation of the system, buffering the extent of the effects that could be expected. Furthermore, FLIP experiments are highly dependent on the volume of the cell
under experiment. The resolution of FLIP falls drastically with decreasing volume.
Single molecule dynamics, due to low transfection levels, efficiently overcomes this
problem to give credible observations of dynamics of the transcription factors and mean
square distances covered. Its limitations however lie in the speed and length of tracking of the single molecules. According to Nynquist sampling theorem, images must
be acquired at least at twice the highest frequency of the movements for the data to
be suitable for analysis by iterative detection. However, a limitation of the sampling
rate is the sensitivity of the camera: an image must be registered to detect movement
in subsequent frames, and in some cases biological processes are too fast. In the future,
high speed imaging will be able to separate transient and rapid events from diffusional
processes, and brighter fluorophores with longer lifetimes, as well as 3D imaging, will
enable longer tracks with less error in estimation of the rapid populations.
The controlled diffusion mechanism utilized by the P-TEFb equilibrium in U2OS cells
is furthermore to be tested in other types of cells. An interesting hypothesis is the one
of the dynamic behaviour of P-TEFb in cells after differentiation. Drugs that induce
differentiation have been shown to cause breakdown of the large complex, which dy100

namically would be feasible for the cell - as observed in the FLIM images, hot-spots
of high interaction between CycT1 and RNA PolII appear after breakdown of the large
complex, indicative of higher efficiency of guarding transcribing cells active, while lowering the probability of activation of new genes.
Bulkiness of fluorescent tags could likewise present an issue in the potential modified
dynamics inside a crowded environment like the nucleus. As a protein such as GFP
of ∼ 30kDa, it is likely to have some effects on the diffusion of a protein such as the
small complex, whose size makes up only ∼ 2 times the size of GFP. A way to avoid
these artifacts is the use of small molecule labels such as the FlAsH (fluorescein arsenic
helix binder) and ReAsH (resorufin arsenic helix binder) which are fluorescent biarsenicals that specifically recognize genetically inserted binding motifs, which contain four
cysteine amino acids (tetra-cysteine motifs).
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Part VII

Materials and Methods
20 Cell Culture
All cell culture was conducted in type II hoods. Cells were kept in incubators with
saturating humidity, 37 degrees Celsius and 5% CO2 , and with Dulbeccos Modified Eagles Medium from Sigma-Aldrich (St. Louis, MO), supplemented with 10% fetal bovine
serum from Invitrogen (Burlington, ON) and 1% peniciline/streptomycin; herewith denotes as DMEM.

20.1 Splitting cells
The cell lines used in the research were U2OS human osteosacroma WT and SJ and
NDH human fibroblasts. Both of them shared the same splitting technique.
Materials:
• trypsine
• PBS
• DMEM
10cm diameter plate of cells is washed with 5ml of PBS 1x. 2ml of trypsine 10x
was added and left for 30s-1min, then removed. The plate was knocked to release the
cells, then resuspended in 10ml of DMEM, and split into 3plates of different concentrations, 1ml - 3ml of cells into a total volume of 10ml DMEM in the new plate. The 1ml
concentration has to be split again the next 3-4days.
20.1.1

Splitting cells on coverslips

For live cell imaging, cells were split into 35mm diameter dishes containing a total of
2ml medium and a coverslip of 25mm diameter. Coverslips were kept sterile but taken
directly from the commercial package. Prior to imaging, cells were washed with PBS to
avoid autofluorescence by phenol red from DMEM.

20.2 Transfections
20.2.1

Transient

Materials:
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• DMEM without antibiotics
• FuGene HD from Roche Diagnostics Canada (Laval, QC)
• plasmid 1γ
100µl/35mm dish of DMEM without antibiotics was used for transient transfections. 3µl FuGene was added and let for 10min to form bubbles. Then 1µl of 1γ concentration plasmid is added to the mixture and left for 30 - 45minutes. After, the mix was
added dropwise into the 35mm dish with cells. All transfections were left overnight
prior to imaging.
SJ Induction
For experiments involving the active gene array, the cells were transfected with the
above protocol; using plasmids at a concentration of 1µM/µl: TetON, MS2-RFP, CycT1
- YFP or Rpb1-YFP and LacI-CFP at a concentration of 0.2µM/µl. The following day,
cells were induced with a final concentration of 5µM of doxycycline heclate. [sigma].
Usually activated and transcribing gene arrays were seen after 6hours of incubation
with Dox.
20.2.2

Stable Cell lines

Stable cell lines were constructed by following the FuGene protocol for transfection in
10cm diameter plates. The following day, the medium was changed containing selection antibiotic geneticin/G418 150microliters per 10ml. The selection period lasted up
to ∼2weeks, after which colonies of single cells that incorporated the plasmid in the
genome were selected using cylinders and split into 96-well plates. These were amplified under G418 selection and tested by fixing on coverslips.
20.2.3

RNA Interference

For double stranded RNA 40µM concentration is needed for plates of 35mm diameter.
1. 6µl dsRNA + 170µl OPTIMEM
2. 4µl Oligofectamine + 16µl OPTIMEM
Both are left at 5-10minutes at room temperature. During this time, all cell medium in
dishes is changed to serum- and antibiotic-free DMEM and put back into the incubator.
Then, solution 1 is added to solution 2, and left at room temperature fro 15 - 20minutes.
In the meantime, cells are washed with OPTIMEM, and 800µl OPTIMEM is added per
well. To each dish, 200mul of the prepared solution is added and mixed by whirling.
The dishes are left for the next 4h in the incubator. After 4hours, 500µl of DMEM with
30% serum is added to the 1000µl solution per dish, so as to have a final concentration
of 10% serum. These plates are left overnight in the incubator, and the same protocol is
repeated the next day.
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20.2.4

Freezing Cells

The protocol of splitting cells is followed, but the cells are resuspende in 3ml instead
of 10ml. Then, they are pooled into a 15ml tube and spun in a centrifuge at 0.8rpm for
5min. The tube is emptied, then knocked on to resuspend the cells in the leftover. 1ml of
FCS pure was added and mixed to resuspend homogeneously. Then 1ml of FCS with
20% DMSO was added and mixed by pipetting. The suspension was alliquoted into
2cryogenic tubes of 1ml volume. This gave 2vials per dish. The vials were wrapped
in paper towels and left at -20 degrees C overnight, then transfered to -85degrees C
freezer. They can be left there for a maximum of two weeks, then transfer to liquid
nitrogen is necessary.
20.2.5

Defreezing Cells

Contrary to the slow freezing, cells need to be defrozen fastly to avoid formation of
crystals. The vials when taken out of the liquid nitrogen are transported on dry ice,
then put into a water bath at 37degrees C. When liquid, They are suspended in 15ml
tubes with 2ml DMEM, and span at 0.8rpm for 3min to wash for DMSO. The tubes
are emptied to leave the percipitated cells, and the cells are resuspended into 1ml of
DMEM, then transfered to a 10cm dish with 9ml DMEM pre-heated at 37degrees C.
The medium is changed the following day after all cells are attached.

21 Bench works
21.1 Fixing Cells
In order to visualize accumulation profiles on active gene arrays, U2OS cells were transiently transfected and induced, then fixed on coverslips 6h after induction. To fix cells,
the 35mm diameter plates were washed with 1ml PBS, then 500µl PFA 4% was added
for 15minutes and kept in the dark. The next three washes with PBS last 5minutes each,
after which the coverslips were taken out and with a drop of mounting medium, put
face down on microscope slides and kept at -20degrees C.

21.2 Immunofluorescence
Materials:
• PFA 4%
• 20% Triton 100x
• 1M glycine PBS
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• 3% BSA PBS
• Tween 20%
• Solution for Anti-body: 1µl tween 20%, 20µl BSA 3%, 179µl PBS.
Coverslips in 35mm diameter dishes are washed in PBS and fixed according to the
above protocol. Then, the following incubations are conducted:
1. 0.2% Triton 100x in PBS for 15min
2. 100mM glycine in PBS for 10min
3. 3% BSA in PBS for 30min
4. 1st anti-body in 0.1% tween, 0.3% BSA in PBS for 1hour
5. 0.1% tween 20 in PBS for 10minutes
6. 2x PBS washing for 10minutes each
7. 2nd anti-body FITC at the dilution of 1/50 - 1/250 in 0.1% tween, 0.3% BSA in
PBS for 1hour in dark
8. 0.1% tween 20 in PBS for 10min
The coverslips can then be mounted on microscope slides as above.

21.3 Western Blot
Materials:
• 100µl of LDS + DTT (500µl LDS(4x), 1400µl H2O, 100µl DTT 1M)
• PBS
• MES buffer
• transfer buffer 10x (425ml H2O, 50ml 100% EtOH and 25ml 20x transfer buffer)
• TBST (TBS 1x, 0.1% tween 20)
• TBST 5% milk (2.5gmilk powder, then add 50ml TBST)
Cells on 10cm dishes are washed with PBS, then lysed with 100µl of LDS + DTT.
These are then collected with a cell scraper into eppendorf tubes on ice. The eppendorf
tubes are set to boil at 95degrees C for 10minutes. Then they are put on ice for 5minutes.
These samples can then be frozen and kept. The lysed cells need to be sonicated in order
to liquidize. Then they are loaded on a 10% gel and ran at 90V with a protein ruler in
MES buffer for about 2h (for a protein sized 70kDa). Normally a volume of 10 - 15µl is
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sufficient per well.
During the gel running, prepare 4xpaper, 2xnitrocellulose, 4xsponges (see drawing) for
the transfer sandwitch. All components are wetted in transfer buffer with ethanol. Set
up sandwitch as in figure, and run at 30V for 1h at room temperature or overnight at
∼100mA at 4 degrees C.
The nitrocellulose is then tested for protein transfer by observing stripes with ponceau
rouge. The ponceau is recycled and the nitrocellulose is washed with TBST. Then, TBST
5% milk is used to saturate the membrane with protein at a horizontal whirling turner
for 1hour at room temperature.
Prepare the 1st anti-body solution: 1/50th dilution of the antibody into 7ml TBST 5%
milk. This solution is used to immerse and mix the nitrocellulose membrane for 1hour
at RT or overnight at 4degrees C on the turner. After this, the membrane is washed
three times with TBST, for 5minutes each wash.
Second antibody cocnentration is used at 1/200 dilution, into 7ml of TBST 5% milk.
Again, this is left for 1h room temperature or overnight in the cold room on the turner,
and subsequently washed with TBST three times, for 10minutes per wash.
The ECL solution is prepared, and the nitrocellulose blots are placed on a glass surface
and immersed with this solution homogeneously. The papers are then put into the
exposure box with the film (in the dark room). One exposure is conducted over 15s, the
other one over 15min; and the resulting film is developed.

21.4 Midi-preps
Competent bacteria E.Coli DH5α are taken out of the -80degrees C into ice flakes. Working in the vicinity of a bunsen burner, add 0.2µl of DNA plasmid (at 1mg/ml) into
∼ 20µl of bacteria. Leave on ice for 30min.
Heat schock the bacteria by putting it in a heat bath for 30s at 42degrees C. Then put
them back on ice for 2minutes. Add 950µl LB (growth-medium) without antibiotic to
each mixture in a 10ml tube which allows air flow. Put the tube into a stirrer for 1hour at
37 degrees C. According to the resistance plasmid, take agarose plates with Ampicillin
or Kanamicine. Working in the vicinity of a bunsen burner, take a glass ’distributer’
or sterile glass beads to spread the bacteria on plates. On each plate, place, ∼ 100µl
of bacterial medium and distribute. If using glass ’distributer’, burn in between each
distribution. Turn the agarose plates upside down and place them into a bacterial incubator to form colonies overnight.
Prepare 1000x dilutions of Ampicilin or Kanamycine antibiotics at 50mg/ml starting
concentration. Work under flame. For each plasmid, take 3ml of 2YT medium + 1000x
diluted corresponding antibiotic. Take a pipette tip and pick up a colony from the
agarose matrix. Then throw in the pipette into the medium in falcon tubes which allow
air flow. Put into stirrer for the next 6hours at 37 degrees C. After 6hours, put this solution into a big flask and stir overnight at 37degrees C in a 100ml LB volume, with 1000x
antibiotic.
Allocate the liquid into 50ml falcon tubes on ice. Centrifuge these at 4000rpm for 20min106

utes at 5degrees C and remove supernatant. If more bacteria-juice is left, do this again.
Next, take the ’NucleoBond’ Midi/Maxi kit for preparations and follow steps.

22 Technical setup
22.1 FRAP setup
Components:
• filter wheel
• QUANTEM CCD Camera
• Nikon Microscope
• 60x objective
• Software: Metamorph
• DG4 box Xenon light
• stage with pilot control
• Nikon PFS (perfect focus system)
• custom-made laser box with 405nm and 488nm lasers of 25mW
Fast FRAP imaging was needed to record the recovery of fluorescence of CycT1.
For this, the imaging window was cropped to dimensions enabling the transfer time of
15ms per frame. Here, it is necessary to pay attention to the time of bleaching in large
bleach areas, since exchange occurs during the bleaching: a 1/10 of recovery duration
of bleach comes within an acceptable error. The bleaches of the experiments in this
thesis lasted a maximum of 4frames, i.e.60ms.
FLIP data was likewise conducted on this setup. The parameters for bleaching the
nuclei of the stably expressing CycT1-GFP cell line were of ten minute durations per
experiment, and 1bleach per second. Wide-field mode was used, with an exposure of
50ms and gain at 400. First hundred seconds there was no bleach, and that threshold is
used afterwards as a qualitative template for bleach correction due to imaging.

22.2 PALM setup
Images were taken in wide-field configuration and, unless otherwise stated, the experiments were acquired under continuous illumination of both, activation and excitation
laser light.
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Activation laser power was finely tuned during acquisition, in order to maintain
the density of activated fluorophores constant; typical values of activation and imaging laser power densities on the sample were 7x10-3 to 3x10-2 kW/cm2 (405 nm), 4
kW/cm2 (561 nm), 1 kW/cm2 (532 nm), and 2.7 kW/cm2 (641 nm). Single-molecule
tdEosFP signals were separated with a 561 nm dichroic (Di01-R561-25x36) and a single band 617 nm emission filter (FF01-617/73), expanded through a 1.5x lens in the
tube-lens of the microscope and acquired with an Andor iXon EMCCD camera (512
x 512 pixels, pixel size 16 m) at frame rates of 25 or 50 ms for up to 30 minutes. The
low-resolution, conventional fluorescence images of the pre-converted form of tdEosFP
were taken using a mercury lamp for illumination (excitation: Semrock FF01-485/20,
emission: FF01-525/30).
Components:
• filter wheel
• Andor CCD Camera
• Nikon Ti Eclipse Microscope
• 100x objective (N.A. 1.49)
• Software: Micromanager by ImageJ
• Nikon fluorescence lamp
• Activation (405 nm / 532 nm) and excitation (561 nm / 641nm) lasers
• stage with pilot control by Nikon
• Nikon PFS (perfect focus system)
Wide-field configuration was used for all imaging. An image in the green channel
was taken for every single molecule movie, to control the transfection levels. Subsequently, an area inside the nucleus was cropped to minimize transfer time (12.5ms)
and the 561nm laser for imaging was turned on for 10s to bleach automatically preconverted DENDRA2. Then the 405nm was started with pulses of 10ms duration, at
intervals of 2s, and the images recorded.

22.3 FLIM Imaging
All FLIM imaging presented in this thesis was conducted by our collaborators Corentin
Spriet and Laurent Helliot in Lille.
For live cell microscopy, cells were grown on glass coverslips and mounted in phenolred free medium in a closed, heated chamber (Helmut Saur POC). Images are acquired
using a 63x, Na 1.2, Water immersion objective. A two-photon pulsed excitation is given
by the Coherent Mira 900-F laser at a wavelength of 810nm and a pulse frequency of
76MHz. . In order to minimize photo-toxicity, lifetime images were acquired at 3 mW
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laser power (measurement at the objectives back pupil), during 10 mn.
Acquisitions were performed on U2OS cells wild type and ones stably expressing Rpb1YFP and transiently transfected with CT1-Cerulean. Cells were observed with or without 1h DRB (5,6-Dichlorobenzimidazole 1-D-ribofuranoside , Sigma Aldrich) 100M treatment.
Fluorescence decay curves fits, allowing lifetime determination, are obtained using the
SPCImage software. The choice between mono-exponential decay and bi-exponential
decay fitting is done based on the reduced parameter and the shape of fitting curve
residual. The weighted mean lifetime is used to compare lifetime images. Lifetime values are extracted from all pixels of a minimum of 11 cells per experiments.

23 Data Analysis
All image, data and statistical analysis was made using MATLAB 7.0 (Mathworks Inc.).
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Part IX

Appendix
24 FLIP Imaging, Normalization and Background
The correction of bleach due to imaging in FLIP was conducted using a control cell. However, it
is found that differences in the bleaching behaviour stem from different intensities of the nuclei
bleached and control. This is why the normalization of FLIP is corrected additionally by fitting
the first 100s of the FLIP without bleach to an exponential, and using the value to correct for the
rest of the curve.
High noise levels likewise pose problems in FLIP results, since by bleaching the signal level of
the bleached nucleus is overcome by the signal in the background and produce virtual stationary fractions of fluorophores at low transfection levels due to normalization artifacts. This is
why cell line 10p rather than 19n was used in the experiments - it provided us with SNR ratio
of ∼3, which enabled total depletion of the fluorescence without crashing extensively into the
background signal.

24.1 Method of Accumulation Factor Measurement
The background is taken as the averaged intensity on the distance of 1500 - 3000nm from the
calculated center of maximum accumulation. The signal is taken at distance 1-1000nm from the
center. The maximum accumulation center is estimated from the LacI -CFP signal on the gene
array.

25 Controls
CycT1-GFP with the fluorescent protein at the N-terminus was tested in FLIP experiments and
gave unchanged results. An attempt was made to conduct FLIP on the Cdk9-GFP construct.
This however, could not be analyzed efficiently due to fluorescence in the cytoplasm, which
rendered it neccessary to include factors such as diffusion/trasport across the nuclear membrane; and hence, the results were incomparable.
With regards to other drugs/methods that inhibit transcripiton, ActD was tested, but being a
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Figure 61:

Method of accumulation factor measurement at the active gene array

strong intercalator, caused a visible change in the structure of the nucleus.
Tests of the system with flavopiridol surprisingly did not produce any effect, although the drug
is known to break down the large complex with high efficiency. An explanation for this stems
from the fact that flavopiridol, being a much more efficient and less specific inhibitor of transcription, causes RNA PolII to increase its mobility which was also found by FLIP experiments.

25.1 Overexpression Cell lines without DRB
25.2 Truncation CycT1 FLIP Experiments with out DRB

26 Error Estimations
To take into account cell variability and other factors contributing to the error within the FLIP
curves, the bootstrap sampling method was utilized. The bootstrap is a resampling method
for statistical inference used to estimate confidence intervals by taking each of the data points
and randomly redistributing them in combination with others. In this way, all possibilities are
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Figure 62:

FLIP experiments conducted on cell lines with different expression levels of CycT1-GFP; untreated
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Figure 63:

FLIP experiments conducted on transiently transfected cells with truncations of CycT1-YFP; untreated
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probed and the mean value is taken as the one within the confidence interval. Herewith they
were estimated to 95% and plotted on all FLIP curves. The bootstrap distribution F̂b (x) is used
to estimate bias, estimate a standard error (SE), or construct a confidence interval for the statistic
of interest. The bootstrap estimates of bias Bb , and SE, sB are the emperical estimates calculated
from m bootstrap values:
B ˆ ˆ
Bb = Σm
)
i=1 (θi − θm

sb = [

ˆB
ˆB 2
Σm
i=1 (θ i − = θ ) 1/2
]
m−1

[Philip M.Dixon, ’Bootstrap resampling’]

FRAP curves were plotted with error bars from simple standard deviation of the total of ten
curves.

27 Artefacts
The use of DMSO, as a solvent for DRB led to a mild increase in radial dispersion in the data
when used at concentrations higher than 1000x. The delivery of DRB to cells herewith was not
trivial since DMSO is also known to stick to plastic - effort was made to mix DRB evenly to
obtain a homogeneous and direct immersion in the drug.
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